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Sustainable energy technologies are becoming ever more crucial to support the increasing 
energy demands facing society and to stem the growing effects of pollution on the diminished 
health of our planet. Advancing current sustainable energy technologies will be critical in 
suppressing and eliminating the current reliance on harmful fossil fuel-based energy sources. The 
research presented in this thesis involves the investigation of underlying chemistry of three viable 
sustainable energy technologies. The technologies pursued in this work are solar, nuclear, and 
biomass energy sources, and the investigation of the three research projects was performed using 
a combined computational and experimental approach. Density functional theory (DFT) 
calculations in conjunction with synthetic and spectroscopic methods were employed to effectively 
probe the photochemistry of flavins for the improvement of organic photocatalysts, to elucidate 
the structure of important metal-extractant complexes during recycling of spent nuclear fuel, and 
to determine the effect chemical structure and position of oxygen functional groups has on the 
sooting tendencies of biomass-derived oxygen aromatic compounds. Modulation of the 
photochemistry of flavinium cations and flavins, biomimetic photocatalysts, was determined to 
occur with varying the electronic nature of functional groups and the position of functionalization. 
Synthesis of a series of chlorinated flavins was performed, and computational and experimental 
results indicate that functionalizing the C7 and C8 position will either improve or hurt the activity 
of the triplet excited state, catalytically active state, and lead to tuning of the flavin photocatalysis. 
Furthermore, insight into the synthetic mechanism of flavin materials was gained by studying the 
structure and reactivity of alloxan monohydrate, an important reagent in the formation of the flavin 
iv 
 
tricyclic structure. The Actinide Lanthanide SEParation process was investigated to gain insight 
into the separation mechanism and promote the improved reprocessing of spent nuclear fuel from 
nuclear reactors. The identity of important metal-extractant complexes was elucidated using time-
resolved laser-induced fluorescence spectroscopy and DFT calculations. Lastly, the soot formation 
chemical pathways of promising biomass-derived fuels was investigated computationally. The 
formation of soot was determined to be heavily affected by the position of oxygen substituents and 
strategies for designing low-emission fuels has been presented. In conclusion, the present 
dissertation presents the investigations of three tangential research projects aiming to collectively 
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World energy demands are ever-increasing with a projected 50% increase in energy usage 
by 2050. Significant research efforts have been ongoing for the past several decades to improve 
and expand current energy technologies. Of the utmost importance is the improvement and 
development of renewable energy technologies as an alternative to fossil fuels. Specific areas of 
research include but are not limited to solar, wind, biofuels, and nuclear energy. Positive and 
negative arguments can be made for each discipline of the energy sector; however, it is becoming 
ever more apparent that no single resource will be the ultimate answer and that a combination of 
energy resources will be needed to meet the world’s energy demands.  
Synchronously, over the past few years, a major change in the approach towards 
conducting chemical research has occurred. Presently, the coupled use of computational and 
experimental techniques is highly encouraged for systematically investigating research problems. 
This coupled approach aids in the acceleration of fundamental and applied research as the concepts 
determined through computational techniques can be efficiently probed experimentally, and vice 
versa. This approach eliminates the “trial and error” method typically taken when conducting 




Figure 1.1 Schematic of research approach undertaken in thesis research, and thesis topics with 
corresponding chapter (chpt) numbers. 
 
My thesis work has adopted the coupled computational and experimental approach 
philosophy (Figure 1.1) to investigate and help advance various sustainable energy technologies. 
At the heart of all my thesis work is the use of computational methods to either understand the 
experimental observations or to devise targeted experimentation. These computational methods 
are instrumental in aiding targeted synthesis and facilitating chemical understanding through 
spectroscopic methods. All three techniques are powerful individually, however, together they can 
push the envelope of chemical understanding. Over the course of my PhD, I have built my technical 
background around developing my proficiency at all three techniques to accomplish my research 
objectives. I have primarily focused on three major energy related research objectives that are, 1) 
the study of a biomimetic, organic catalyst to drive chemical reactions using solar energy, 2) the 
elucidation of important actinide/lanthanide complexes present during the post-fission recycling 
process of ALSEP used for nuclear energy, and 3) the investigation of the sooting tendencies of 
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oxygenated aromatic fuels obtained from biomass for replacing petroleum derived fuels. Together, 
the three research objectives target three very different but very viable sustainable energy 
disciplines that are at the forefront of the energy sector. The advancement of these three energy 
technologies through a synergistic computational and experimental approach is the motivation of 
this thesis. 
1.2 Chapter Synopsis 
The three principal research projects included in this thesis are 1) the study of a biomimetic, 
organic catalyst to drive chemical reactions using solar energy (titled, Flavin), 2) elucidation of 
important actinide/lanthanide complexes present during the post-fission recycling process of 
ALSEP used for nuclear energy (titled, ALSEP), and 3) investigation of the sooting tendencies of 
oxygenated aromatic fuels obtained from biomass for replacing petroleum derived fuels (titled 
Fuels), Figure 1.1. The purpose of this research is to investigate the underlying chemistry of these 
three research projects using computational, synthetic, and spectroscopic techniques and apply the 
conclusions to facilitate the advancement of sustainable energy technologies. The current chapter 
serves as a general introduction to the entire thesis and an in-depth literature review for Chapters 
2, 3, and 4, which focus on studying flavin materials. Chapters 5, 6, and 7 will each contain brief 
introductions at the beginning of each respective chapter. Chapter 2 details the computational 
investigation of modulating the photochemistry of functionalized flavinium cations. Various 
substituent groups were incorporated on the flavin isoalloxazine backbone and changes in the 
geometry, electronic properties, location of the excited states, and the nature of the excited states 
upon functionalization were studied. This study determined that the photochemistry of flavinium 
ions can be modulated with the incorporation of functional groups and by the position of the 
functional groups. The results of this study encouraged the work to synthesize flavin materials and 
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study the photochemistry experimentally. Chapter 3 describes the computational, synthetic, and 
spectroscopic investigation of functionalized flavins. Three flavins were synthesized and the effect 
of functionalization on the photochemistry was probed. Preliminary computational and 
experimental results indicate that the position of functionalization with either improve or hinder 
the photocatalysis of flavins by promoting or diminishing the activity of the triplet excited state, 
respectively. Furthermore, ongoing work investigating the photocatalytic oxidation of benzyl 
alcohol will facilitate understanding the impact of functionalization and facilitate the strategic 
rational design of new flavin materials with improved properties. Difficulties encountered during 
the flavin synthesis motivated investigating the flavin synthetic mechanism which is presented in 
Chapter 4. Chapter 4 is an investigation on improving the flavin synthesis through studying the 
structure and reactivity of alloxan monohydrate, a crucial reagent in the lowest yielding reaction. 
The presumed structure of alloxan monohydrate is widely misunderstood and misrepresented in 
the literature and lead to uncertainties in the known mechanism of flavin synthesis. This chapter 
thoroughly investigates the structure of alloxan monohydrate under various conditions using both 
computational and experimental techniques. A modified mechanism is proposed based on an 
improved understanding of the reactivity of alloxan monohydrate.  
Chapter 5 details the spectroscopic and computational insights determined while 
collaborating on a Department of Energy (DOE) Nuclear Energy University Program (NEUP) 
grant with Dr. Mark P. Jensen. The three stages of the Actinide Lanthanide Separation (ALSEP) 
process were investigated to determine the identity of metal-extractant complexes present at each 
stage of the process to facilitate future work designing new extractants to improve the separation 
of actinides and lanthanides from spent nuclear fuel. Fluorescence spectroscopy and DFT 
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calculations helped to elucidate the stoichiometries of important metal-extractant complexes 
during the ALSEP process.  
Lastly, Chapters 6 and 7 involve the research performed in collaboration with Dr. Seonah 
Kim at the National Renewable Energy Laboratory (NREL). Chapters 6 and 7 support the Co-
Optimization of fuels and engines (Co-Optima) initiative by investigating the sooting tendencies 
of oxygen aromatic compounds, common products from biomass, to support the advancement of 
bio-derived fuels for combustion engines. The computational research performed in these chapters 
highlight how the chemical structure and location of the chemical structure of the oxygen 
functional group of oxygenated aromatics can dramatically affect the soot formation and present 
strategies for designing improved fuels derived from biomass. Chapter 8 will summarize the results 
and connect all the chapters into the central theme of advancing sustainable energy technologies 
and present future directions for each of the three research projects. The work presented throughout 
this thesis showcases the synergistic combination of computational, synthetic, and spectroscopic 
techniques to facilitate the advancement of solar, nuclear, and biomass technologies. 
1.3 Literature Review on Non-biological Flavins 
1.3.1 Introduction 
The term flavins generally refers to a group of naturally occurring yellow compounds that 
exhibit strong fluorescence, originating from the Latin word flavus meaning blonde or yellow.1,2 
More specifically, natural flavins are comprised of a three-membered heterocyclic ring structure 
containing a fused structure of pterin and benzene, also known as isoalloxazine, and a varying side 
chain at the N10 position as shown in Figure 1.2. The first known flavin was isolated from cow’s 
milk in 1879 and was originally coined lactochrome, the name being derived from the milk source. 
The exact structure of lactochrome wasn’t determined until the 1930s when Richard Kuhn and 
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Paul Karrer elucidated the structure of what has become known today as riboflavin (ribo for the 
ribityl side chain and flavin for the yellow color), also known as vitamin B2.3 Today, there are 
hundreds of known flavin based compounds, the most common naturally occurring flavins being 
flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) along with the parent 
compound riboflavin, shown in Figure 1.2.3,4  
 
Figure 1.2 Structure of the flavin backbone, isoalloxazine unit, and the natural flavin compounds 
riboflavin, flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), and lumiflavin with 
conventional flavin atom numbering shown.  
 
Flavins primarily exist in biology as cofactors in various proteins and enzymes (known as 
flavoproteins and flavoenzymes), where the specific function is dictated by the protein or the 
enzyme environment.5 Since the initial discovery in 1879, flavins have been extensively 




The discovery of the structure of riboflavin and correlation to the derivatives FAD and 
FMN began a flood of research uncovering hundreds of flavoproteins and flavin cofactors. 
Recently, researchers have begun to structurally modify flavin derivatives to be employed outside 
a biological environment to harness the immense chemical versatility of flavins. Applications that 
have seen the influence of flavins include, but not limited to, oxidative catalysts in organic 
synthesis,6,7 photocatalysts,2 photosensitizers,8 water oxidation catalysts for water splitting,9–11 and 
bioengineered nanotechnology.12 Fundamentally, many reports have investigated the structure-
property relationships with various substituent groups and side chains to understand the changes 
in the redox chemical properties.13–15 However, much less work has been dedicated to investigating 
how the functional changes affects the photochemistry. Therefore, this review will focus on 
highlighting the research associated with the photochemistry of synthetically modified flavins. 
In this review, we will begin with a brief overview of the important chemical and biological 
properties that allow flavins to perform/facilitate important functions in nature. Detailed review 
on such topics are available in literature.1,4,5,16 Following the brief overview, we will discuss the 
approaches to chemically modify flavin compounds and highlight how the photochemical 
properties of synthetic flavins are affected, and summarize the recent application of modified 
flavins in water splitting reactions. 
1.3.2 Natural Flavins: Chemical Properties and Biological Functions 
1.3.2.1 Chemical Properties 
The primary reason flavins are so versatile throughout biological systems is due to the 
redox properties of the isoalloxazine unit. Flavins can facilitate both one- and two-electron 
transfers allowing them to exist in three different redox sates: oxidized, one-electron reduced 
(semiquinone), and fully reduced, as shown in Figure 1.3a. The redox state of the flavin cofactor 
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can influence several other properties such as planarity and luminescence.12 The exact chemical 
state and function of the specific flavin is highly dependent on the protein or enzyme environment, 
which interacts with the ribityl side chain dictating the specific flavin cofactor for the job.3 This 
review will briefly discuss the redox properties of natural and synthetic flavins as numerous 
reviews and copious amount of literature have been devoted to this topic.1,2,17,18 
 
Figure 1.3 Representative redox and photochemical pathways of flavin based molecules: (a) 
Schematic presentation of the conversion between oxidized and reduced forms of lumiflavin, and 
(b) Jablonski diagram for flavin photochemistry. 1) absorption, 2) fluorescence, 3) non-radiative 
decay, 4) intersystem crossing, 5) phosphorescence, 6) free radical formation, and 7) single oxygen 
formation through energy transfer. [Ref. 12] 
 
The conjugated isoalloxazine moiety, additionally, allows flavins to have strong UV and 
visible absorption corresponding to π to π* transitions and n to π* transitions, respectively.1,19 Of 
course, n to π* transitions can only be characterized through computations as they are forbidden. 
Upon excitation to the first excited state, the excited species can undergo non-radiative relaxation 
or intersystem crossing to a low-lying triplet state. The triplet excited state of flavin cofactors can 
interact with the molecular oxygen to yield singlet oxygen or interact with other substrates to 
generate radical intermediates, which further interact with molecular oxygen in other pathways 
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such as apoptosis as shown in Figure 1.3b. The rate and ability for flavin cofactors to undergo 
intersystem crossing is dependent on the side chain at the N10 position and other functionalities 
incorporated onto the isoalloxazine unit (vide infra, section 4.0). For example, FAD has a small 
triplet quantum yield compared to riboflavin and FMN due to stacking of the two ring structures. 
Additionally, the N10 side chain is responsible for photodegradation as they can serve as an 
electron donor to the oxidized isoalloxazine ring resulting in the formation of various 
photoproducts. However, modification of the side chain can prevent degradation as previously 
shown.1 After sixty minutes of irradiation, the absorption spectrum of riboflavin has changed 
significantly in the 400 to 500nm range while the absorption spectrum of an alkylated N10 position 
of riboflavin remains mostly unchanged.20 This study by Edwards et al. and several other follow 
up reports show the modification of chemical versatility of flavins by substitution and give insight 
into potentially novel flavin scaffolds with enhanced properties.  
1.3.2.2 Biological Roles 
Flavins can participate in a wide range of biological settings due to their unique redox and 
photochemistry (vide supra, section 2.1). Since their initial discovery in the late 1800s, hundreds 
of known flavoproteins have been discovered with a variety of important biological functions. 
Flavins exist as cofactors in monooxygenases, oxidases, and electron-transferases that are 
responsible for performing crucial redox reactions for living organisms.3,5,21 Additionally, flavins 
take part in many photochemical processes such as DNA repair, as flavoproteins in cryptochromes 
and phototropins where the flavin cofactor help regulate growth and development of plants and 
fungi, and bioluminescence of bacteria and microorganisms.16,22 It is important to understand how 
flavins interact and function in their natural roles before attempting to modify and use them for 
other applications. Therefore, in the following sections we will briefly discuss the underlying 
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mechanisms and functions of flavins in monooxygenases and electron transferases to convey the 
chemical and biological versatility of these compounds.   
 
Figure 1.4 Mechanisms of flavin participation in biochemical pathways: Oxidation mechanism for 
flavin dependent monooxygenases (top), and mechanism of involvement of reduced FMN 
(FMNH2) with bacterial luciferase to produced bacterial bioluminescence (bottom).  
 
Monooxygenases are a class of enzymes that catalyze the oxidation of substrates through 
one-electron oxidation mechanisms. Flavin dependent monooxygenases contain a flavoprotein 
cofactor that is responsible for the oxidation of substrates by the activation of molecular oxygen 
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and transfer of oxygen atoms to substrates. The mechanism of flavin monooxygenases involve the 
reaction between flavin and either molecular oxygen or hydrogen peroxide to form 4a-
(hydroperoxy)-flavin. These 4a-hydroperoxy-flavins are capable of oxidizing secondary and 
tertiary amines,  hydroxylamines, and alkyl sulfides.23 The mechanism for oxidation is shown in 
Figure 1.4.  Upon formation of the hydroperoxy-flavin intermediate (FlEtHOOH) by reaction with 
molecular oxygen, a nucleophilic substrate attacks the oxygen on the hydroperoxyl-flavin and 
produces 4a-hydroxy-flavin (FlEtHOH) and the oxidized substrate in good yields. Lastly, 
reduction of the FlEtHOH by NADPH regenerates the initial reduced flavin cofactor (FlEtH2). 
Flavin dependent monooxygenases also help catalyze the light-emitting reaction of 
bacterial bioluminescence. Flavoproteins function in accord with bacterial luciferase to oxidize an 
aldehyde substrate to the corresponding organic acid, and in the process produce the 
bioluminescence in many types of bacteria. A reduced flavin (FMNH2) can react with molecular 
oxygen forming 4a-hydroxy-flavin, which is believed to be the active species.16 Figure 1.4 shows 
the hypothesized reaction sequence for the production of bioluminescence through bacterial 
luciferase and reduced flavin. The reduced flavin reacts with the luciferase enzyme, and 
subsequently reacts with molecular oxygen forming the hydroperoxy-flavin intermediate 
(FMNHOOH). The “dark” reaction leads to formation of hydrogen peroxide while the introduction 
of an aldehyde substrate pushes the reaction toward oxygen transfer, and formation of the active 
4a-hydroxyflavin (Et-FlOH*), which emits light, produces water, and regenerates luciferase 
enzyme, and FMN. Despite the presence of a several reports to further understand the mechanism 
of bacterial bioluminescence, much is still unknown.16,22  
Flavin monooxygenases are also involved in many oxidation reactions such as Baeyer-
Villiger (BV) and Dakin reactions, where the monooxygenase catalyzes the insertion of oxygen 
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into ketones to produce esters, and oxidation of phenyl carbonyl units.24 These are just a few 
examples of the versatility of flavin monooxygenases.  
Flavin cofactors perform the role as electron transferases in redox settings where the ability 
to accept and deliver electrons is vital. One of the main characteristics of flavins that allow them 
to participate in these reactions are its ability to mediate between one and two electron processes. 
For one electron transfers, the flavin is reduced and re-oxidized in one step stabilizing the flavin 
semiquinone intermediate during the reaction.5 Several examples of this process exist such as in 
flavodoxins, which mediate electron transfers between proteins, and as in DNA photolyase, an 
enzyme that repairs major lesions in DNA induced by UV light. Flavodoxins are bacterial proteins 
that contain FMN and shuttle electrons between proteins that are unable to perform the electron 
transfer.3,5 DNA photolyase is a DNA repair enzyme that uses two chromophores functioning as 
UV/near-UV light harvesting antennas and a redox active FAD to transfer electrons. Either a folate 
or a deazaflavin (depending upon the photolyase) functions as the antenna to absorb UV light and 
transfers the energy to a reduced FAD cofactor, which is responsible for further electron transfers 
with the damaged cis-syn cyclobutene pyrimidine dimers (CPDs), the most frequent UV-induced 




Figure 1.5 Mechanism of DNA photolyase. Current Opinion in Structural Biology, 2010, 20, 
693–701.[ref. 25] Copyright © 2010, Elsevier Ltd. Reprinted with permission of Elsevier Ltd. 
 
The strong chemical properties that flavins and flavoproteins exhibit in biology have led to 
a thirst for further understanding of how we can harness the power of flavins and apply it to systems 
outside of a biological setting. The study of synthetic flavins first began with Bruice et al. in the 
1970s as an approach to help understand the mechanisms that flavins possess in biology.18,26,27 
However, research applications making use of functionalized synthetic flavins to be applied 
towards other scientific areas outside of biology have been on the rise since the late 1900s and 
early 2000s. For discovering and improving non-biological flavin applications, it is important to 
understand chemical synthesis of flavins and possible methodological and scientific challenges. In 
the next section, we will discuss how flavins are being synthetically modified, and how the 





1.3.3 Synthetic/Functionalized Flavins 
Naturally occurring flavin cofactors such as FMN, FAD, and riboflavin have been studied 
for years and their properties, functions and applications have been widely investigated in the 
literature. The foundational work by Bruice et al. was followed by several studies investigating 
the synthetic flavins to help understand the biochemical processes of naturally occurring flavins. 
In 1981, Bruice pioneered work to develop a better understanding of the thermodynamics and 
mechanistic details of the electron-transfer steps, and of the interaction of dioxygen species with 
model flavin systems. They performed electrochemical studies of N5-ethyl-
3-methyllumiflavinium cation (FlEt+) and N5-ethyl-4a-hydroperoxy-3-methyllumiflavin 
(FlEtOOH). These synthetic flavins have substitution at the N10 (methyl group) and N5 (ethyl 
group) positions that differ from the natural, model flavin compounds.26 The work of Bruice et al. 
was followed by many reports studying synthetic flavins, which ultimately lead to a surge in 
“biomimetic” applications of flavins.12 More recently, scientists have been structurally modifying 
flavin cofactors to investigate the impact of these modifications on their fundamental properties. 
These synthetic flavin derivatives give insight as to how one can change the redox and/or 
photophysical properties to alter the underlying molecular mechanisms thus changing the 
applications. This section will focus on discussing the strategy to structurally modify flavins, how 
one would synthesize flavin derivatives, and discuss the experimentation commonly used to probe 
the photochemistry of new compounds. 
1.3.3.1 Modification Approach 
There are several paths for modifying and functionalizing the flavin skeleton. As 
previously discussed, the isoalloxazine structure of flavins is the main component responsible for 
all the versatile properties exhibited by flavins. Therefore, researchers have mainly functionalized 
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around the isoalloxazine unit and in most cases removed the ribityl side chain to something more 
synthetically manageable. In this section we will highlight the current approaches in literature to 
produce synthetically modified flavins by the following paths: 1) functionalizing the benzene 
moiety (R1, ring I), 2) functionalizing the N5 and N10 positions (R2, and R4, ring II), 3) 
functionalizing the N3 position (R3, ring III), and lastly 4) attaching the flavin derivative to a 
surface using a linker side chain at either the N3 or N10 positions (R3 and R2, see Figure 1.6 for 
labeling).  
 
Figure 1.6 Diagram of isoalloxazine illustrating the functionalization sites to be discussed in the 
text. Boxes display the functional groups and side chains substituted at the four sites on the 
isoalloxazine ring unit. AA1, AA2, AA3 refer to amino acid groups in a peptide sequence (to be 
discussed in the text).  
 
Substitution of functional groups around the isoalloxazine ring affect the electronic nature 
of the ground state and excited states. Electron density has been correlated with planarity of the 
ground state isoalloxazine ring when studying redox properties.12,28,29 Therefore, introduction of 
strong electron withdrawing or donating groups could directly impact the ground state structure of 
the isoalloxazine backbone. The substitution position has also been observed to directly impact the 
photochemical properties. Substitution at the C7 or C8 positions can have opposite affects on the 
HOMO and the LUMO depending on the functional group. The addition of functionality and/or 
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side chains at the N5 and N10 positions are primarily performed to stabilize the structure for use 
outside of a protein or enzyme environment or add additional roles such as limiting intermolecular 
interactions. More work has been performed studying the N10 position rather than the N5 position. 
Substitution of the N3 position has not been studied to investigate the direct effect of functionality 
with photochemistry. However, the N3 position has been used as an avenue to immobilize the 
flavin derivative to surfaces such as electrodes, nanoparticles, and polymers. A more complete and 
thorough discussion of the influence of functionality will be performed in section 4 of this review. 
1.3.3.2 Synthetic Methods 
Preparing functionalized flavin derivatives is non-trivial. Several varying synthetic 
protocols have been published with the primary difference in procedures being the starting material 
and use of different alkylating agents which can limit the number of overall synthetic steps. 
However, accuracy of these procedures has been debated. While the backbone for all 
functionalized flavin compounds is the isoalloxazine ring, the synthesis and classification of 
isoalloxazine is commonly mistaken for alloxazine in the literature. It is important to note the 
differences between the two when attempting to synthesize flavin derivatives. Figure 1.7 displays 
the difference between the two tautomers and shows the common synthesis of alloxazine. The 
cyclization step using phenylenediamine and alloxan was first published by Kuhn and Weygand 
in 1934, when they reported the synthesis of 9-methyl-isoalloxazine.30 The dual condensation 
reaction, usually performed in acetic acid and boric acid under an inert atmosphere, begins with 
protonation of the carbonyl groups on alloxan to influence the nucleophilic attack by the diamine. 
However, as stated previously, the alloxazine tautomer is the most stable and will be the primary 
product. The discrepancy in the literature is born from different reports publishing similar 
procedures and NMR signals, but claiming to have made different products, either alloxazine or 
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isoalloxazine.31–33 This discrepancy has been investigated using both computational methods and 
various NMR techniques. It has been shown that the alloxazine tautomer is the more stable 
tautomer by about 9 to 12 kcal/mol (values determined by DFT calculations).34 Therefore, the 
synthetic procedure presented in Figure 1.7 will not yield isoalloxazine. In order to synthesize the 
flavin structure, isoalloxazine, a secondary amine must be made before the Kuhn condensation 
reaction. As shown in Figure 1.8, this will ensure substitution at the N10 position and force the 
structure into the isoalloxazine tautomer.  
 
Figure 1.7 A: Kuhn condensation reaction between o-phenylene diamine and alloxan for the 
synthesis of alloxazine. B: The two most stable tautomers, alloxazine and isoalloxazine. The stable 
alloxazine contains a protonated N1 while the less stable isoalloxazine contains protonated N10.  
 
Synthesis for functionalized flavins with substituents at C6-C9 positions on the benzene 
ring generally involve using the corresponding 1,2-phenylenediamine starting material or 2-
nitroaniline precursor. The nitroaniline precursor avoids the difficulty of working with diamine 
chemicals (which readily oxidize) and results in the addition of a relatively easy reduction step 
before the cyclization to produce isoalloxazine (step [C] in Figure 1.8). Before the Kuhn 
condensation reaction at step [D], a secondary amine must be formed on the starting material by 
steps [A] or [B]. This is the synthetic route to functionalizing the N10 position and getting various 
R2-groups attached to the isoalloxazine ring. Several different techniques have been used in the 
literature to functionalize this position, most employing an alkylating reagent depending on the 
specific functional group of interest. However, the difficultly in this step is avoiding dialkylating 
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the amine group resulting in an unreactive functional group. This is another reason why the 
nitroaniline precursor is used over the diamine precursor. Several groups have mediated this step 
by protecting the amine group with trifluoroacetic anhydride, then performing a generic alkylation, 
thus effectively producing the desired mono-alkylated product.35,36 Bachmann et al. have 
performed selective alkylation of the amine using a new picoline borane complex that converts 
aldehydes and ketones to alkyl groups.37,38 Another method (not shown) for substitution at the N10 
position via nucleophilic aromatic substitution employs 1-chloro-2-nitrobenzene as the starting 
material and reacting it with 1,4-phenylenediamine.39–41 After substitution of the chloro-group to 
form the new secondary amine, the Kuhn condensation can be performed to form isoalloxazine, a 
method taken by Rotello et al. to functionalize the N10 position with an aniline group. This is an 
effective method as the N10 phenyl-derivative can then be functionalized once the isoalloxazine 
ring structure has formed.42,43 Several other synthetic methods have been reported using 
nitrosobenzene and uracil derivatives,44,45 however the majority of techniques involve the two 
described.   
Synthesis of flavin derivatives containing substituents at the N3 and N5 position (R3 and 
R4 respectively Figure 1.8) generally involve alkylating steps after the Kuhn condensation. Once 
the isoalloxazine ring is formed, the N3 position is the most prone to alkylation. Typical alkylation 
reactions are performed with alkyl-halide or benzyl-halide reagents (step [E]). This is a relatively 
easy synthetic approach that is used ubiquitously in the literature. However, another technique 
used for N3 functionalization of a methyl-group is achieved via a condensation cyclization reaction 
between a uracil derivative and nitrosobenzene.43 This method is dependent on the uracil precursor 
and if the functionalized uracil is available. To achieve substitution at the N5 position, a reduction 
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can be performed in tandem with an alkylating reaction to form the flavinium salt of interest, as in 
the case of the procedure published by Glusac et al. (step [F]).36,46  
 
Figure 1.8 Synthetic scheme for production of functionalized flavin derivatives. All R groups 
correspond to the different positions that functionalization has been performed (discussed in the 
text). [A] trifluoroacetic anhydride and potassium carbonate; alkyl halide then removal of 
protecting group with sodium hydroxide. [B] alkyl halide or 2-picolane borane complex [C] 
reduction with tin chloride. [D] Kuhn cyclization with acetic acid, boric acid and alloxan. [E] alkyl 
halide with potassium carbonate. and [F] sodium dithionite, alkyl halide, sodium hydroxide, 
sodium perchlorate and sodium nitrite. [Synthesis adopted from Ref. 36] 
 
Depending on the target flavin, the synthesis can be quite difficult and involve many steps 
as is the case for the synthesis of N(5)-ethyl-flavinium cation (6-7 steps) or can be relatively 
straightforward as in the case of lumiflavin (2-3 steps). The typical flavin photochemical properties 
can be greatly modulated with substituent groups that not only depend on the functional group but 
also on the position of modification. Before discussing exactly how the properties change, we will 
highlight the tools used in the literature to investigate the new flavin derivatives. 
1.3.3.3 Experimentation 
The investigation of electronic nature, photochemical pathways, and mechanisms is 
primarily performed with transient absorption spectroscopy (TAS) and steady state absorption 
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spectroscopy. The experimental findings can also be corroborated with computational methods 
such as Density Functional Theory (DFT) calculations. In this section we will discuss the protocol 
and methods of both TAS and DFT methods used for the investigation of organic photochemistry.  
TAS is used to probe the dynamics and reactivity of the excited states of a material and 
observe the formation of reaction intermediates in the excited state and follow their deactivation 
pathways. In TAS, a percentage of the molecules is pumped to the excited state by using an energy 
source, usually involving a laser, this is known as “pump”. Another source, typically a white light, 
is sent through the excited sample at a time delay of τ to the pump source. A difference spectrum 
(∆A) is then obtained by subtracting the absorption of the ground state from the absorption of the 
excited state. The dynamics of the excited state can be investigated by altering τ and observing ∆A 
at each time delay.47 This technique helps to identify specific photochemical processes depending 
on the resolution of the source used, i.e femtosecond, picosecond, or nanosecond lasers. Figure 1.9 
depicts the basic principle of TAS as described, and displays a typical difference absorption 
spectrum for tris(bipyridine) ruthenium (II) chloride over the time range of 0.0 ns to 1.5 μs.  
The difference spectrum can encompass contributions from several photochemical 
processes such as ground-state bleach, stimulated emission, and excited-state absorption. Ground-
state bleach is caused by the amount of ground state molecules excited by the pump source. If a 
small number of molecules are excited by the pump source, then there will be a significant amount 
of ground-state absorption with the probe excitation source causing a negative signal in the 
difference spectrum. Emission contributions occur if the excited state can deactivate through 
fluorescence or phosphorescence pathways depending upon the time resolution of the system and 
lifetime of the excited state. This contribution results in increasing the intensity of light at the 
detector during the difference absorption calculation causing a negative signal. The last 
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contribution in the absorption spectrum is the excited-state absorption. This occurs when a 
transient excited state species absorbs the probe light and is excited to higher energy states, causing 
a positive signal in the difference spectrum. Furthermore, kinetic tracking of the absorption of a 
transient signal allows the calculation of lifetime of the transient species. Additionally, one can 
also perform TAS in the presence of an additional substrate which may or may not react with the 
excited state thereby providing a way to calculate the rate constants for the excited state reactivity. 
Finally, performing TAS measurements at various temperatures can also provide Arrhenius type 
analysis of the excited state dynamics. In sum, TAS is a very powerful experimental tool that many 
scientists use to investigate the photochemical dynamics of various chemicals. 
 
Figure 1.9 Diagram for TAS and represented difference absorption map of tris(bipyridine) 
ruthenium (II) chloride in water. Delta OD map scanned the absorption spectrum from τ of 0.0 ns 
to 1.5 μs.  
 
Computational chemistry is a valuable resource for investigating the fundamental chemical 
properties of materials. DFT is the most commonly deployed computational method to study 
electronic structure and excited state properties of organic compounds due to a good balance 
between accuracy and computational cost when compared to Hartree-Fock (HF) and post-HF 




Investigating the excited states and computational absorption spectrum involves 
performing vertical excitation calculations on an optimized geometry. Vertical excitations, which 
can be compared with an experimental steady state spectrum, are primarily computed using time 
dependent DFT (TD-DFT) due to limited computational cost but high accuracy, especially for 
organic compounds. Alternatively, one can utilize post-HF methods such as configuration 
interaction (CI) with single or double excitation, or complete active space self-consistent field 
(CASSCF) methods followed by second order perturbation corrections. Not only are the post-HF 
methods computationally more expensive, but they do not account for dynamic correlation thereby 
yielding higher error bars in vertical excitation calculations. Vertical excitation calculations give 
the discrete absorption transition [A to B, Figure 1.10] for the compound of interest along with 
oscillator strengths for the given transition. Oscillator strengths correlate to the probability of the 
transition occurring or the probability of populating the excited state associated with the transition. 
After identifying the excited state of interest using vertical excitations, a geometry optimization 
can be performed on the excited state to study the structural effects associated with exciting an 
electron. Optimizing an excited state geometry is a costly and difficult task but can give insight to 
the adiabatic excited state and emission processes (Figure 1.10). Lastly, an important resource for 
understanding the nature of a specific electronic excited state of an organic compound is computing 
difference density plots. Difference density plots are produced by computing the electronic density 
of the specific excited state and then subtracting the electronic density of the ground state.48,49 The 
resulting plot is a surface showing the locations in a molecule where electrons are depleted and 
accumulated upon excitation to the excited state (Figure 1.10). These plots characterize the type 
of electronic transition associated with the transition such as π→π* transition.  
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Spin and charge density calculations on the ground and the excited state structures also 
provide insights into the most possible nucleophilic or electrophilic reactions, and into the most 
possible positions to be oxidized or reduced. Such information also helps outline where the 
molecular oxygen might add upon a certain chemical transformation. A variety of partitioning 
schemes such as Natural Bond Orbital analysis (NBO) and Charges from Electrostatic Potentials 
using a Grid-based method (CHELPG) exist to perform spin and charge density calculations.50,51 
 
Figure 1.10 Left: Diagram for calculating vertical excitations (A to B), adiabatic excitations (B to 
B’), and emission to ground state (B’ to S0) of an organic compound. Right: Difference density 
plot for excitation from ground state to S1 for a flavin derivative, red contours shown electron 
depletion and green contours show electron accumulation. A and B from equation represent A and 
B from diagram to left showing ground state and vertical excitation, respectively. 
 
The computational techniques outlined in this section are specific and highly relatable to 
the work I perform. There are many other computational methods and resources available to 
investigate the excited state character of organic compounds. The recent developments and reports 
using both TAS and DFT to investigate the nature of the excited states of synthetically modified 
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1.3.4 Photochemistry of Flavins 
In this section, we will summarize the work that has been performed experimentally and 
computationally to investigate the photochemistry of synthetic flavins. Surprisingly, given the 
recent relevance of synthetic flavins and the persistent relevance of biological flavin cofactors, 
there is little research present on the photochemistry of flavins. Serrano-Andres et al. have 
theoretically probed the spectroscopy and photochemistry of isoalloxazine using 
CASPT2//CASSCF method.52 However, despite the high level of theory calculations, all the 
vertical excitations are significantly blue-shifted from experimental values. Nevertheless, the 
authors conclude the importance of intersystem crossing (ISC) as the driving force for triggering 
photochemical processes in protein environments. The rate and presence of ISC will be one area 
highlighted in the following sections. This section is broken down to focus on the individual areas 
of functionalization that can impact the photochemistry of flavins. The specific sites under 
consideration in this review are: 1) the C7 and C8 positions 2) the N5 and N10 positions 3) the N3 
position and 4) surface tethered flavins. 
Prior to moving forward with the discussion of the photochemistry of flavins, it is important 
to briefly discuss the difference between the two tautomers, alloxazine and isoalloxazine. As 
discussed previously, the isoalloxazine has a more stable tautomer alloxazine. Structural 
characterization of the tautomers can be difficult, however the photochemistry of the two 
compounds is very different. The absorption and emission spectra of isoalloxazine 
(3-methyllumiflavin) is drastically red shifted from the alloxazine tautomer 
(1,3-dimethyllumichrome) presumably because of more extended conjugation in the latter. The 
rate of fluorescence decay is also significantly different with the change of methyl group for N10 
(iso) to N1 (alloxazine). The lifetime of fluorescence for 3-methyllumiflavin is 7.1 ns, whereas the 
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lifetime for 1,3-dimethyllumichrome is 0.6 ns. TD-DFT calculations performed by Sikorski and 
coworkers indicate that the lowest excited-state of isoalloxazine is a π→π* transition while the 
lowest excited state for alloxazine is n→π* in character. However, selective methylation of the 
alloxazine ring can cause order inversion between the n→π* and π→π* transitions. The authors 
also correlated the lifetime of fluorescence to the character of the excited-state transition. In the 
case of lowest-lying excited state π→π* character a longer fluorescence lifetime is observed, and 
the opposite is shown for n→π* excited-state character.53  
1.3.4.1 Position 1: Benzene Unit 
 Investigation into substitution of the benzene moiety of isoalloxazine is limited. However, 
there have been several reports investigating the effect of the methyl-groups present on 
isoalloxazine and how changing the position can modulate the photochemistry. Sikorski et al. have 
investigated the spectroscopy and photophysics of isoalloxazine with modification of the position 
of the benzene methyl groups.29 The study investigated altering the position of the methyl-groups 
from the C7-C8 configuration to C6-C7, C6-C8, C6-C9, C7-C9, and C8-C9 derivatives and 
observing how the photochemistry and photophysics was affected using TD-DFT methods. The 
authors conclude that making minor changes in the position of methyl-groups can have a 
significant impact on the computed excited states. Substitution at the C9 position sterically 
interacts with the methyl-group at the N10 position causing the benzene unit to distort out of plane 
from the other rings. The shift to non-planar geometry affects the π-electron system involved in 
the π→π* transitions, resulting in a larger energy gap between the first and second singlet excited 
states compared to the C6, C7, and C8 positions. Sikorski and coworkers have published several 
reports on systematic methylation of various positions on isoalloxazine and alloxazine and some 
work by Franz Muller.29,53–55 These papers demonstrate a significant impact in the photochemistry 
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of flavins by modifying the methyl-groups of isoalloxazine, however, altering the methyl-groups 
to functional groups with stronger electronic effects should play an even larger role in the 
photochemistry of flavins.     
 A recent report by Reiffers and Czekelius et al. studied the effect of fluorinating the C6, 
C7, and C8 positions of 10-methylisoalloxazine to study the steady-state and time-resolved 
spectroscopy.56 Fluorination shifts the energy of the S1 excited state by roughly 100 cm-1. The sign 
of the shift depends on the specific location of substitution on the benzene group. Fluorination at 
the C7 position results in a red shift in absorption energy while fluorination at the C8 position 
produces a blue shift. Substitution at the C6 position also results in a slight red shift of the 
absorption energy as shown in Figure 1.11. The results of this study give insight to how substituting 
different positions can directly impact the photochemistry. Substitution at either the C7 or C8 
positions have different results on the absorption spectra. The authors attribute this positional 
effect to the negative inductive and positive mesomeric effects of fluorine on the HOMO and 
LUMO orbitals.57–59 Substitution at the C7 position results in raising the HOMO due to mesomeric 
effect which is in accord with the observed redshift. However, a large blueshift in absorption is 
observed for substitution at the C8 position which the authors could not explain using the induction 
and mesomeric effects. This report also observed a substitution effect on the rate of ISC. Mono-
fluorination impacts the S1 excited state and upper triplet state that is believed to mediate the ISC 
mechanism (Figure 1.11). The fluorination of the C7 position raises the active triplet state slightly 
above the S1 state resulting in a reduction in ISC rate. Fluorination of the C6 and C8 positions 





Figure 1.11 Top: Absorption and fluorescence spectra for 10-methyllumiflavin (MIA) and C6, C7, 
and C8 fluoro-substituted derivatives. Bottom: Energy diagram representing changes in the 
HOMO, LUMO, and triplet excited states responsible for affects in the ISC rates. [Photochemistry 
and Photobiology. 2018, 94 (28), 667–676. Ref. 56] Copyright © 2018 The American Society of 
Photobiology, Reprinted with permission of John Wily and Sons, Inc. 
 
 Along similar lines, work performed by Glusac et al. reported the enhancement in the rate 
of ISC upon placement of an iodine at the C9 position of 10-ethyllumiflavin.60 The authors use 
both femtosecond and nanosecond TAS to observe the excited state dynamics of the C9 iodo-flavin 
derivative and the parent isoalloxazine derivative. The ground state absorption of 10-
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ethyllumiflavin was not significantly changed due to addition of the iodine group. Both compounds 
contain absorption maxima around 350 nm and 450 nm. However, femtosecond-TAS showed 
significantly different difference spectra and ISC rates from the S1 (π,π*) to T1 (π,π*). It was shown 
that the rate of ISC is increased by 100 times in the iodo-derivative (87 ps) compared to the 
unsubstituted flavin (5 ns). The authors attribute the drastic change in excited state dynamics to be 
due to a heavy-atom effect that impacts the spin-orbit coupling.61 This heavy-atom effect is also 
responsible for shortening the excited triplet state lifetime (5.8 μs) when compared to the non-
substituted flavin derivative (12.6 μs). It is speculated that the heavy-atom effect and the iodo-
flavin derivative will increase catalytic efficiencies for mechanisms benefiting from increased 
triplet-state yield. This work was specifically applied to the photooxidation of benzyl alcohol, a 
common application of synthetic flavins. The iodo-flavin derivative was capable of producing a 
higher percent yield of benzaldehyde compared to 10-ethyllumiflavin in a shorter amount of time. 
 Unpublished work by Etz and Vyas computationally investigated a large library of 
functional groups substituted at C7/C8 of N(5)-ethyl-flavinium ion (Et-Fl+) using TD-DFT 
methods. The isoalloxazine ring was functionalized with a wide range of electron donating and 
electron withdrawing groups to observe the effect on the excited state scaffolds. The presence of 
electron withdrawing groups in place of a C8 methyl group red-shifted the absorption maximum 
while an electron donating group blue-shifted the absorption maximum. The opposite trend was 
observed upon substitution at the C7 methyl unit. However, the halogens tested did not follow the 
same trend as the other electron withdrawing groups. TD-DFT results show a similar tend to 
Reiffers et al. where substitution of a fluoro- or a chloro-group at the C8 position results in a slight 
blue shift in absorption energy versus Et-Fl+. However, fluoro-substitution at the C7 did not affect 
the absorbance as significant as the study by Reiffers et al. while substitution of a chloro-group at 
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C7 did result in a red shift compared to Et-Fl+. The effect described above is negated upon 
simultaneous substitution at both the C7 and C8 methyl units. This positional and functional group 
effect on the photochemistry could potentially be explained by the inductive and mesomeric 
contributions put forth by Reiffers et al. This would explain why substitution at both the C7 and 
C8 positions simultaneously negates the mono-substituted effects. The competing contributions 
on the HOMO and LUMO at each individual position effectively cancel out. However, further 
investigation is required to justify this interpretation. The effect of substitution was observed to 
propagate through the entire photochemical process (absorption, relaxation of S1, and emission). 
It was found that the addition of substituents did not affect the nature of the first excited state of 
Et-Fl+ but did have significant impact on the higher excited states(S2-S4). This could be due to a 
similar effect observed by Sikorski et al. where the π→π* and the n→π* transitions are inverted 
upon substitution of the benzene unit. Work is being continued to characterize the excited triplet-
state energetics and correlate conclusions with Reiffers, Glusac, and Sikorski to gain a full 
perspective of how electron-donating and withdrawing functional groups on the benzene moiety 
change the spectroscopy and photophysics of the isoalloxazine ring. 
Based on the work performed by Reiffers, Glusac, Sikorski, and, Vyas, the substitution on 
the benzene moiety has demonstrated that the photochemistry of isoalloxazine can be dramatically 
affected by such modifications. Two paths can be used to modify the absorption spectra of flavin 
derivatives: 1) substitution of electron withdrawing or electron donating groups, and 2) substituting 
at the C6, C7, C8 and C9 positions individually. Additionally, the trend for substituting halides 
seem to follow the electron donating functional groups. Substitution at the C6 position does not 
seem to contribute to the electronic nature of the flavin derivatives and only minor effects on the 
photochemistry were observed. Substitution of sterically hinder groups at the C9 position induces 
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a non-planar geometry due to interactions with the N10 functional group causing a significant 
change in photochemistry. Heavy-atoms such as the halogens seem to increase the rate of ISC 
which is a valuable characteristic in light-mediated flavin catalysis. It has previously been 
concluded that the electron density of the low-lying singlet excited-states of flavins localize on the 
benzene unit resulting in the ability to significantly modify the electronic structure and nature of 
the excited states with functionalization.62 Nevertheless, there is still plenty of work that needs to 
be performed to fully understand the photochemistry of substituted flavins at the benzene unit.  
1.3.4.2 Position 2: N5 & N10 Functionalization 
The structure of flavin cofactors has been shown to significantly affect the catalytic 
efficiency when it comes to changing the photochemical properties of flavins. However, flavins 
can exhibit excite-state quenching and fast photo-deactivation due to strong intermolecular 
interactions such as π-π stacking interactions and hydrogen bonding. The occurrence of these 
intermolecular non-covalent interactions results in low photocatalytic efficiency. One method that 
researchers have studied to combat these interactions is substitution at the N10 position with 
sterically hindering groups.   
Yano et al. (2000) investigated the effect of various phenyl-substituted derivatives 
functionalized at the N10 position on the electrophilic nature and absorption maxima of 
N3-methylflavins.42 This study incorporated electron withdrawing groups (Cl and OCH3) on the 
para and meta positions of the N10 phenyl ring to compare with N10-unsubstituted phenyl-
derivative and N10-methyl flavin derivative to observe alteration in the electron density. It was 
found that N(10)-phenyl flavin derivatives and N(10)-methylflavins have very similar absorption 
maxima, 440 nm and 435 nm respectively. The authors conclude that the effects of substitution 
are very small due to the conformation of the phenyl ring with respect to the isoalloxazine ring. 
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The substituted N10 phenyl-ring is rotated perpendicular to the isoalloxazine ring unit causing 
little conjugation between the two units. This steric effect results in no change in absorption 
spectra, while a hypothesized minor long-range inductive effect causes a 5-10 nm shift in 
absorption maximum.  
In a similar study, Cibulka et al. (2013) investigated the effect 10-arylflavins have on the 
photochemical properties and photocatalytic efficiency for photooxidation of benzyl alcohols.44 
This study aimed to limit the non-covalent interactions such as π-π stacking between flavins and 
dimer formation to increase their photocatalytic efficiency. Similar to Yano et al., the authors of 
this study substituted a phenyl ring at the N10 position with functional groups at the ortho positions 
on the phenyl ring to induce a perpendicular confirmation. In addition, the authors methylated the 
N3 position to counteract hydrogen bonding between flavin dimers. The photochemical properties 
of the flavin derivatives were investigated using the model photooxidation reaction of 
4-methoxybeznyl alcohol. It was concluded that substitution at the N10 position and methylation 
of the N3 position caused a slight blue-shift to the absorption maxima by 5-10nm in agreement 
with Yano et al.42 The substitution at the N10 and N3 positions however affect the fluorescence 
quantum yield which was observed to directly correlate with the photocatalytic efficiency for the 
oxidation of benzyl alcohol. The flavin derivative with the highest photocatalytic efficiency 
contained a o-methylated phenyl group at the N10 position and was protonated at the N3 position. 
The authors believe that while π-π stacking interactions limit the photocatalysis, the hydrogen 
bonding aggregation through the N3 position facilitated the photooxidation mechanism. Flavin 
derivatives with methyl-groups present on the N3 position showed a drop-in fluorescence quantum 
yield and photocatalytic efficiency. This leads to the conclusion that substitution at the N10 and 
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N3 positions can influence the quantum yields of the flavin singlet and triplet excited-states and 
can lead to significant changes in the excited-state dynamics. 
 
Figure 1.12 (A) Excited-state quenching by intermolecular π-stacking of the isoalloxazine units. 
(B) Sterically repulsive and associatively attractive intermolecular forces to prevent quenching. 
(C) Representation of steric structure dependence of the emission efficiencies (in brackets) for the 
flavin derivatives. [Chem. - A Eur. J. 2015, 21 (25), 9171–9178. Ref. 63] Copyright © 2015 
Chemistry - A European Journal. Reprinted with permission of John Wiley and Sons, Inc. 
 
Naota et al. (2015), likewise, attempted to protect the flavin intermolecular quenching of 
the excited states.63 Naota and coworkers substituted the flavin N10 position with a bulky phenyl-
unit containing functional groups ortho and para to the N10 position. In addition, the authors 
functionalized the C7 position with a bulky alloxan moiety to test if there could be a synergistic 
effect from both N10 and C7 positions (Figure 1.12). This study focused on limiting π-π stacking 
while facilitating association through hydrogen bonding. The addition of functionality at the N10 
position had a slight effect the absorption maximum compared to the methyl-group found in 
isoalloxazine. Substitution of the phenyl sidechain caused a 10 nm blue-shift in absorption 





et al.42,44 The absorption and emission spectra remained unchanged with the addition of the alloxan 
functional group at the C7 position. However, the fluorescence quantum yield was significantly 
impacted. The authors believe the intermolecular interactions are affecting the fluorescence rather 
than the electronic state of the flavin derivative. Upon each addition of steric hindrance (N10-
phenyl, N10-substituted-phenyl, and N10 and C7 substituted), the fluorescence efficiency was 
increased from 0.21 to 0.70 for the most sterically hindered flavin derivative as shown in Figure 
1.12. This caused a slight change in fluorescence lifetimes occurring between 2.3ns to 7.6ns. It is 
believed that steric hinderance of the N10 phenyl functional group prevents π-π stacking and 
excited state quenching while functionality at the C7 results in associative hydrogen bonding 
between flavins, ultimately increasing the fluorescence quantum yield. The character and ISC 
mechanism were not discussed in these articles, however it is postulated that due to the increase in 
fluorescence yield and lifetime that the ISC mechanism could be influenced with substitution of 
the N10 and C7 positions. Moreover, due to the addition of a sidechain perpendicular to the 
isoalloxazine, the electronic character and nature of excited states are unlikely to be affected. 
Glusac et al. have performed extensive studies on Et-Fl+, which contain ethyl chains at 
both the N5 and the N10 positions.9,36,64–66 The alkylation at the N10 position is necessary to 
stabilize the flavin derivative outside of a biological environment and help limit the 
photodegradation of the derivative. The ethyl chains do not affect the electronic structure of the 
flavin scaffold as discussed above other than producing the cation when N5 is substituted, which 
greatly affects the reactivity and redox properties at the C4a position. However, no investigation 
has been performed to study the effect of N5 ethylation on the photochemistry. Glusac et al. studied 
this flavin derivative to employ as a water oxidation catalyst for water splitting. Application for 
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flavin derivatives to oxidize water will be discussed later in this review. (vide infra, see Section 
5.0) 
The primary reasons for functionalizing the flavin scaffold with side chains at the N5 and 
N10 position are to limit ring stacking to prevent excited state quenching and stabilization of the 
flavin derivative. Due to the catalytically active position of C4a and its proximity to the N5 and 
N10 positions, functionalizing the N5 and N10 positions would drastically affect the chemical 
reactivity of the C4a position, however no change in photochemistry has been investigated. 
1.3.4.3 Position 3: N3 Functionalization 
Literature involving the investigation of the photochemistry of flavin derivatives modified 
at the N3 position is scarce. The majority of reports involve attaching a linker to the N3 position 
to facilitate immobilizing the flavin to a surface (to be discussed in the following section). 
However, as briefly discussed in the work performed by Cibulka et al., the N3 position does 
influence the photochemistry of flavins.44 It is hypothesized by the authors that due to the 
proximity of the orbitals involved in the electronic excitations and the direct influence on the 
nonbonded electrons of the N3 nitrogen, there would be a significant impact on the photochemistry 
and photophysical properties.  
Sikorski et al. (2005) have performed work studying the photochemistry of benzyl and 
alkyl substituted N3 position.67 The authors have compared several different flavin derivatives 
with functional groups at the N3 position, benzyl, ethyl, methyl, and hydrogen (lumiflavin). The 
two lowest excited-states and the emission wavelengths for the four flavin derivatives studied are 
all within 4 nm. Additionally, lifetime and quantum yield of fluorescence experienced minor 
changes. Sikorski et al. conclude that the presence of substituent groups at the N3 position and the 
character of the substituent group does not affect the photochemical and photophysical properties. 
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With that being said, the benzyl unit is rotated out of plane with the rest of the flavin isoalloxazine 
ring preventing conjugation and alkyl functional groups are not expected to drastically affect the 
electronic structure of the flavin. Nevertheless, it is possible that substituting other functional 
groups with stronger electronic effect will influence the photochemistry of the flavin derivative.  
Rotello et al. (2013) functionalized the flavin scaffold by substituting naphthalenediimide 
(NDI) to the N3 and N10 positions using a short aromatic spacer.41 Two different functionalized 
compounds were prepared to investigate the effect of a conjugated linker (located at the N10 
position) and a non-conjugated linker (located at N3 position). The authors conclude that the 
conjugated linked flavin-NDI compound formed a coupled redox center between the flavin and 
NDI units while the non-conjugated linker produced two independent redox centers. The 
absorption spectra of the functionalized flavins show characteristic peaks for both the flavin and 
the NDI while the fluorescence properties are completely dominated by flavin character. The 
conjugated flavin-NDI compound was observed to have substantial intramolecular quenching. 
However, this study gives insight into the potential to develop flavin derivatives with the ability 
to accept multiple electrons and have broad UV-vis absorption properties that could be used as 
acceptor molecules for organic photovoltaic systems. 
Due to the limited work in functionalizing the N3 position of isoalloxazine, only the 
predictions mentioned above can be made about the impact on flavin photochemical properties. 
There has been a large amount of work using the N3 position to tether/link flavins to surfaces and 
to investigate the redox properties of flavin derivatives. The next section will discuss the impact 





1.3.4.4 Position 4: Immobilization of Flavins 
A significant amount of work has been performed on investigating the chemical properties 
of flavins tethered to various surfaces. Immobilization of flavins to electrodes, polymers, metal 
complexes such as TiO2 and gold nanoparticles, and carbon nanomaterials are among the most 
studied flavin-tethered functionalized reports. Flavins have been tethered to supports using both 
the N3 and N10 positions. In this section, the pioneering work of immobilized flavins will be 
discussed and how this type of functionalization affects the chemical properties of flavins. 
However, a lot more work is needed to investigate how immobilizing flavins or functionalized 
flavins affects the overall photochemical properties. 
Cibulka et al. presented immobilization of flavin derivatives on mesoporous silica (MCM-
41) for visible-light photooxidation.68 In this report, the heterogeneous flavin catalysts are 
investigated for the ability to participate in visible light aerobic sulfoxidation, benzyl alcohol 
oxidation, and esterification reactions. Immobilization of the flavin to MCM-41 did not affect the 
absorption spectrum other than changing the band shape resulting in a small red shift in maxima 
position. The authors report that the surface functionalized flavin derivatives performed the 
photooxidations with similar results as the free homogeneous flavins catalysts with only minor 
instability in specific reaction conditions that can be circumvented. 
Imada et al. reported conjugation of a lumiflavin (N10-methyl) to a peptide chain through 
the N3 position.69 The hypothesis of this study is to increase the catalytic efficiency of flavins by 
introducing an enzyme-like interaction to help stabilize the intermediates during catalysis. Since 
the N3 hydrogen can be stabilized in a biological environment through hydrogen bonding, the 
authors believe a direct sidechain (dimer or trimer peptide unit) at the N3 position could facilitate 
the stabilization of catalytic flavin intermediates for reactions outside a protein or enzyme. The 
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authors used inexpensive L-amino acids as the peptides with L-proline being the first amino acid 
in the sequence to induce the biologically relevant active site. The scope of this report was not to 
investigate the photochemical properties but the oxidation ability in aerobic Baeyer-Villiger 
oxidation reactions. Nonetheless, they developed a protocol for modifying a flavin derivative to 
mimic the flavin-enzyme interaction which has implications toward future work elucidating flavin 
mechanisms in photobiological systems. 
Naota et al. have also investigated the aerobic oxidation of organic compounds using 
immobilized flavins.46  The approach taken by this group was to attach lumiflavin and Et-Fl+ to 
the surface of gold nanoparticles through the N3 position. The flavins were attached to the gold 
nanoparticles using an octyl-sulfide linker and functionalized flavin nanoparticles were produced 
with sizes ranging from 1.5 to 2.5 nm. The authors conclude that flavins immobilized to the gold 
nanoparticles produce highly efficient catalysts for aerobic oxidation reactions and have increased 
activities and stability towards recycling than freely diffusing, non-supported flavin catalysts. 
Paz et al. tethered a synthetic flavin derivative, containing no benzene functionality and a 
phenyl group at the N10 position, to TiO2 through an aliphatic linker containing a phosphonic acid 
anchor.70 They found that anchoring the synthetic flavin stabilized the flavin structure from 
photodegradation in the presence of UV light. However, anchored flavins were observed to 
degrade with irradiation from visible light. The authors believe that the wavelength dependency 
on photostability is a product of the ability of the flavin to transport charge to the semiconductor 
support. Excitation of the flavin using UV light populated the S2 or S3 excited-states which are 
able to transfer the excited electrons to TiO2 while electrons excited to the first excited using visible 
light are unable to transfer the electron. This work could have implications in applications using 
flavins as photosensitizers in photocatalytic systems.   
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An alternative method of linking flavin derivatives to surfaces is through the use of the 
N10 position and taking advantage of the strong π-interactions of conjugated systems. Imada et al. 
recently published their work on tethering derivatives of riboflavin to a poly(styrene-co-
divinylbenzene) polymer support with various functionality in the polymer chain.71 The authors 
developed these flavin derivatives to investigate the ability to perform aerobic reduction of olefins 
with hydrazine as efficient and reusable catalysts. The new flavin catalysts exhibit characteristic 
absorption at 440 nm and intense fluorescence at 520 nm. The authors demonstrated that changing 
the functionality in the polymer support had minor effects on the photophysical properties. The 
supported flavin catalysts show comparable activities to the non-supported counterpart with 
enhanced stability allowing recovery and reuse of the flavins catalysts. This is explained by 
dispersedly immobilized flavins on the polymer support.   
Noncovalent attachment of flavins to nanotubes through π-interactions has also been 
explored. Ju et al. (2013) investigated the non-covalent interactions of FMN-wrapped carbon 
nanotubes to investigate the binding affinity of other surfactants.72 Papadimitrakopoulos et al. 
studied linking flavin derivatives containing an aliphatic side chain attached to a fullerene to a 
carbon nanotube surface in order to investigate the charge transport ability of the fullerene to 
nanotube through a flavin helix.73,74 Significant photoluminescence quenching was observed with 
the addition of the fullerene ring. However, TAS gave insight to a charge-transfer process that 
explains the quenching of luminescence. A specific band alignment between the nanotube and the 
fullerene containing a flavin intermediate band allows for an easy exciton dissociation and electron 
transfer. Lastly, Serizawa et al. used non-covalent interactions to functionalize boron nitride 
nanotubes with FMN.75 The authors investigated the photochemical properties and showed strong 
fluorescence intensity as is consistent with flavins.  
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To our knowledge, this is the first review of functionalized flavins and how the substituent 
groups and the position of substitution on isoalloxazine affects the photochemical properties. The 
underlying conclusion is that substitution at the benzene moiety and at N3 can greatly modulate 
the chemical properties, even though literature at N3 is limited, while substitution at the N10 
position has not been observed to have any effect on the photochemistry aside from limiting 
quenching due to π-stacking. However, any modification to the isoalloxazine ring will influence 
the electron density and therefore should, if only slightly, influence the overall chemical properties 
of the flavin derivative. Flavin derivatives immobilized to a surface have also been investigated. 
Linking the flavin and surface has been performed at the N3 and N10 positions and through the 
strong non-covalent interactions of conjugated systems. Immobilization can cause changes to the 
chemical properties of flavins, but the most significant effect is the increased stability and 
enhancement of catalytic reusability. It has been well understood that flavins are a highly diverse 
and versatile group of compounds and the studies outlined herein help to further the promising use 
of synthetic flavin derivatives in applied roles outside of a biological setting. 
1.3.5 Applications of Synthetic Flavins 
The ability to tune the chemical properties of flavins by functionalizing the isoalloxazine 
ring opens the door for a variety of nonbiological applications. The largest field where synthetic 
flavins have been becoming more prominent is in the field of organic synthesis as oxidation 
catalysts. Many reports and reviews have been written in the past couple years outlining the 
extraordinary versatility of flavin analogs for selective oxidations.6,7 Another area that is receiving 
significant attention recently is bioengineered nanotechnology making use of flavin cofactors.12 
Moreover, a growing topic is the use of flavins as a water oxidation catalyst for water splitting. 
Several of the other valuable application of flavins have been highlighted throughout this review. 
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For the purpose of relating this review to my primary thesis work, this section will focus on the 
role of water oxidation flavin catalysts for water splitting. 
One of the latest applications reported for synthetic flavin derivatives is as a fully organic 
water oxidation catalyst for water splitting reaction. First reported by Glusac and coworkers in 
2012, a flavin derivative, Et-Fl+, was shown to electrocatalytically oxidize water to produce 
molecular oxygen. However, the literature has hinted towards flavins redox mechanisms capable 
of cleaving water since the 1980s.76,77 This is the first major investigation of flavins ability to 
perform as a fully organic water oxidation catalyst.9,36,65 The mechanism proposed for water 
oxidation was an electrode-assisted oxidation where water nucleophilic attacks Et-Fl+ at the C4a 
position producing N(5)-ethyl-4a-hydroxyflavinium, which then reacts with oxides on an electrode 
surface (electrode that is capable of forming oxides) to produce O2 shown in Figure 1.13. This is 
a similar mechanism to the hypothesized mechanism of flavin dependent monooxygenases, 
previously discussed, where the 4a-hydroxyflavin intermediate is formed and is the primary active 
species on the oxidation mechanism. It was found that Et-Fl+ oxidizes water at a potential of +1.9V 
and can achieve a turnover number of 13.6. The low turnover number is attributed to catalyst 
degradation due to imide formation at the N5 position resulting in breaking the isoalloxazine ring. 
It is hypothesized by us that the stability of the flavin derivative could be improved by tethering 
the catalyst to a support structure as was shown in several reports, however no work has been 
performed to prove this claim. Since this initial report surfaced in 2012, there has been few 





Figure 1.13 (A) Proposed mechanism for the electrode-assisted catalytic water oxidation using 
Et-Fl+. The final structure (Et-FlO+) is believed to form the oxygen bond with the surface of an 
oxidized electrode. (B) Structures of Acr+ and Et-Fl+. [Ref. 9 and 64] 
 
In 2014, Glusac et al. published work attempting to elucidate the structural properties of 
Et-Fl+ that are responsible for water oxidation activity.64 Since the structure of Et-Fl+ is rather 
complex, containing several functionalities around the isoalloxazine ring, a new, simpler organic 
substrate, N-methyl-9-phenylacridinium ion (Acr+), was investigated (Figure 1.13). Acridinium is 
chemically different from EtFl+ because it does not contain the customary isoalloxazine ring of 
typical flavins and contains a different position where nucleophilic attack occurs. In the case of 
Et-Fl+, the C4a position is attacked while for Acr+, the C10 position is attacked. The study 
compared the similarities and differences of cyclic voltammetry, concentration dependence, water 
concentration, scan rate, and spectroelectrochemistry of Et-Fl+ and Acr+. It was determined that 
even though the two compounds are structurally different they both exhibit noticeable potentials 
above +1.9V, which is attributed to the surface-dependent nature of the mechanism. However, 
electrocatalysis was only observed for Et-Fl+ and not Acr+, even after the introduction of increased 
water concentration. To this point it is still unclear what interactions and intermediates are formed 
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with the surface and how this contributes to catalysis. However, this study offers insight into 
potential electrocatalytic water oxidation by N-doped graphitic materials, which is an ever-
growing field with many mechanistic unknowns.  
Since the pioneering work performed by Glusac et al., one recent report by Miller et al. 
further investigated the ability of flavins to perform catalytic water oxidation.11 In this report, two 
systems were investigated: immobilized lumiflavin and riboflavin to a graphitic electrode (GE) 
surface to access the effect on the catalytic water oxidation mechanism, and exploration into the 
effect of light on the oxidation activity. Since it is known that the carbon electrode is a crucial 
aspect of the mechanism for oxidation of molecular oxygen, the hypothesis was that the 
immobilization of the catalyst on the electrode surface should improve the catalytic efficiency and 
overall performance. In addition, it is hypothesized that light would affect the catalytic nature of 
flavins as several reports have demonstrated the use of flavoenzymes in artificial photosynthesis 
systems. Miller et al. prepared flavin-functionalized GE either by non-covalently attaching it 
through favorable π-π interactions or by covalently linking the flavin to the surface (Figure 1.14).  
This study found that flavin–functionalized electrodes can oxidize water to produce molecular 
oxygen in the presence and absence of light. Turnover number unfortunately was still small 
because after several cycles the flavin becomes unbound from the surface and loses activity in a 
similar fashion as Glusac et al. concluded. However, when the flavin-functionalized electrode is 
illuminated with visible light for 20 min, a significantly higher current is observed than the current 
produced in darkness as shown in Figure 1.14. It is believed that light mediates the formation of 
the flavin radical cation which is the active species that commences the proposed oxidation 
mechanism in Figure 1.13. This is the first known study that proved light facilitates the water 
oxidation catalysis of flavins. This was an exciting finding as it showed the possibility of tapping 
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into the photochemistry of flavins to promote water oxidation which has only been hypothesized 
and not proven until this report.  
 
Figure 1.14 Top: Representation of covalently bond riboflavin to the electrode surface. Bottom: 
Current of lumiflavin-functionalized electrode with light irradiation vs. darkness vs. bare electrode 
in both light and darkness (a); and current of lumiflavin-functionalized electrode while switching 
between light on and light off. [Chemical Communications. 2016, 52 (57), 8834–8837. Ref. 11] 
Copyright © 2016 Royal Society of Chemistry. Reprinted with permission of Royal Society of 
Chemistry. 
 
In the most recent account of modifying flavins for water oxidation, Bachman et al. studied 
the potential required for water oxidation with flavins functionalized at the N3 position and flavins 
truncated to single ring systems rather than isoalloxazine.38 The functionalized flavins were 
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modified with the addition of benzaldehyde at the N3 position while the truncated flavins were 
reduced from isoalloxazine to pyridine, pyrimidine, and pyrazine ring structures containing triflate 
counter anions. It was reported that the N3 functionalized flavins exhibited less potential for water 
oxidation than the standard Et-Fl+. However, the truncated pyridine analog showed improved 
water oxidation potential. The authors hypothesize that the improved catalysis is a direct result of 
the increased electrophilicity of the active site carbon. This hypothesis was only explored in the 
case of the truncated flavin derivatives and did not compare the electrophilicity to that of Et-Fl+. 
Therefore, even though a new organic catalyst with a simpler synthetic route than Et-Fl+ has been 
shown with improved catalytic activity, it is inconclusive whether increased electrophilic nature is 
the main driving force for water oxidation.  
As discussed, both freely diffusing and supported synthetic flavin derivatives show 
intriguing promise for their ability to electrocatalytically and photoelectrocatalytically oxidize 
water to promote molecular oxygen for splitting water. Significant work is required to 
functionalize flavin scaffold that leads to improved understanding of what structural functionality 
effects the redox potential and photochemical properties that facilitate the oxidation of water. 
Much more work needs to be performed to fully understand the proposed Et-Fl+ water oxidation 
mechanism and to apply functionalization techniques discussed in this review to improve the 
catalytic water oxidation performance of flavins.  
1.3.6 Conclusion 
In this review, the chemical versatility of naturally occurring flavins and synthetic flavin 
analogs have been discussed. Natural flavins such as riboflavin, FAD, and FMN have many 
biological functions due to their strong redox and photochemical processes. Due to the outstanding 
properties of these biologically relevant compounds, effort has been devoted to designing 
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biomimetic derivatives to be employed in applications external from the biological setting. We 
have highlighted the common synthetic pathways for synthesis of flavin derivatives with various 
functionality at the benzene moiety, N3, N5, and N10 positions on the isoalloxazine ring structure 
and discussed immobilization of flavins to support systems. TAS and excited state computational 
techniques for studying the photochemical properties were briefly discussed and the effects of 
functionalizing the isoalloxazine ring with respect to the photochemical properties was 
summarized. Regarding the applications of flavin, the discussion was focused on the oxidation of 
water for water splitting, where recent studies have demonstrated that the flavin skeleton is capable 
in performing water splitting both electrochemically and photochemically. There has been a 
significant amount of work performed in understanding the processes of natural and artificial flavin 
compounds, however, there are still many unknowns specifically with how the photochemistry of 
artificial flavins can be tuned and made available for the use/enhancement of its catalytic 
proficiency in various applications. 
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2.1 Abstract 
Flavins are a diverse set of compounds with a wide variety of biological and non-biological 
applications. Applications of flavins receiving attention recently consist of electro- and 
photocatalytic oxidation of substrates for organic synthesis, bioengineered nanotechnology, and 
water splitting catalysts, among others. While there is vast knowledge regarding the structure-
property relationships of flavins and their electrochemistry, there is much less work elucidating 
the structure property relationships as they pertain to flavinium photochemistry. Herein, we report 
the effect of molecular tailoring of N(5)-ethyl-flavinium cation (Et-Fl+), a derivative of the 
biocatalytic coenzyme riboflavin, on its photochemical properties, by incorporating electron 
withdrawing and electron donating groups at the C7 and C8 position of the isoalloxazine ring. The 
presence of electron withdrawing groups at the C8 position caused a red-shift in the absorption 
spectrum while the electron donating groups caused a blue-shift. Functionalization at the C7 
position had the opposite effect on the absorption spectrum. The effects of single substitution were 
relatively negated with simultaneous functionalization at both the C8 and C7 positions. Difference  
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density plots indicate no change in the nature of the S1 excited state, which was confirmed by 
optimization of the excited state geometries. The results presented in this study indicate that 
functionalization of the isoalloxazine unit affects the photophysical properties of N(5)-
ethylflavinium cations. 
2.2 Introduction 
Flavins are a diverse class of redox and photochemically active compounds that contain a 
signature tricyclic, heterocycle ring system, isoalloxazine, comprising of a fused pterin and 
benzene rings. The most well-known flavins are the biologically relevant flavin adenine 
dinucleotide (FAD), and flavin mononucleotide (FMN), as well as the parent compound riboflavin 
(Figure 2.1).1 Flavins primarily exist in biology as cofactors in various proteins and enzymes 
(known as flavoproteins and flavoenzymes), where the specific function of these redox and light 
activated molecules is dictated by the environment of the biomolecule.2–4 Since the initial 
discovery in 1879, flavins have been extensively investigated as they are ubiquitous in nature and 
take part in many biochemical reactions as cofactors in monooxygenases,5–7 electron 
transferases,2,8,9 dehydrogenases,10 and as photoreceptors for light-dependent processes such as in 
blue-light receptor families.11–13 The versatility of flavins to participate in a wide range of redox 
and photochemical applications originates from the isoalloxazine ring structure that facilitates 
flavin involvement in various biochemical mechanisms.4,14  
The redox and photochemical versatility flavins have been extensively exploited for their 
use outside of a biological environment as molecular catalysts in organic synthesis15,16, targeted 
drug delivery17,18, sensing applications1719,20, optoelectronics17,21,22, and as catalysts for water 
oxidation23–25. Moreover, synthetic flavins have gained an elevated interest as functionalization of 
the flavin isoalloxazine backbone provides insight to, and possible improvement of, the flavin 
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redox and photochemical properties. The C6-C9 positions on the benzene moiety, and the N3 and 
N10 positions on the isoalloxazine unit have been the primary areas for functionalization and have 
been shown to alter the photophysical properties of flavins (see Scheme 2.1 for numbering). Visser 
and Muller explored the absorption and fluorescence of a wide range of methyl substituted 
isoalloxazine derivatives,26 while Sikorski has extensively investigated the photophysical 
properties of various lumiflavin and riboflavin derivatives.27–32 Both Reiffers et al. and Bracker et 
al. evaluated the impact of mono-fluorination at the C6-C9 positions of methylisoalloxazine.33,34 
Furthermore, Salzmann et al. synthetically and computationally studied the photochemical 
properties of deazaflavin derivatives and investigated the influence of solvation effects on the 
photophysics of deazaflavins.35,36 Photophysical properties have also been investigated in the 
context of catalysis. For example, Korvinson et al. showed that photocatalytic efficiency of flavin 
catalysts can be improved with functionalization of the benzyl moiety of isoalloxazine.37 
 




Contrary to extensive investigations into the photophysical properties of flavins, the 
photochemical properties of flavinium cations have been scarcely studied. Flavinium cations are 
prepared by substituting the N5 position of flavins or by substituting the N1 and N10 with an 
ethylene bridge resulting in the cationic substrate when in the oxidized state.38,39 It has been shown 
that 3-methyllumiflavin and N(5)-ethylflavinium cations have different electronic structures,40 
therefore functionalization of isoalloxazine could affect the electronic properties of flavinium ions 
differently, which has not been explored. Similar to flavins, the use of synthetic flavinium ions in 
non-biological photochemical roles, such as light driven catalysis or as photosensitizers, has 
significantly increased over the last few years, resulting in a need for further insight into the 
photochemistry of functionalized flavinium ions.15,41 Moreover, functionalizing the isoalloxazine 
unit could be a strategy to improve the performance of flavinium photocatalysts.  
The work presented herein describes the modulation of the electronic properties of N(5)-
ethylflavinium cation (Et-Fl+) by incorporating various substituent groups at the C7 (site B) and 
C8 (site A) positions on the isoalloxazine ring of Et-Fl+ (scheme 2.1). Density functional theory 
(DFT) calculations were performed to probe changes in the geometry, electronic properties, 
location of the excited states, and the nature of the excited states upon functionalization. The 
electronic properties of Et-Fl+ were determined to change significantly with the type and location 
of the substituent. The results presented here provide theoretical insights into how functional 







Scheme 2.1 Structure of Et-Fl+ showing the position of substitution and the EWGs and EDGs 
studied along with the corresponding Compound number.a The table shows electron withdrawing 
groups (EWG) and electron donating groups (EDG) studied in this investigation along with the 
corresponding compound number.  
 
aMethyl groups at positions A and B corresponds to the parent compound, Et-Fl+. For 
nomenclature, compound 1A will represent CF3 substituted in the A position while compound 
1AB will represent CF3 substituted at both positions and so on. Numbers I, II, and III denote the 
three rings of isoalloxazine unit, uracil, pyrazine, and benzene, respectively. 
 
2.3 Computational Methods 
All computations were performed using the Gaussian 09 software package.42 Geometries 
were optimized at the Becke’s three-parameter hybrid functional with the Lee-Yang-Parr 
correlation functional (B3LYP) with the 6-31+G(d,p) basis sets.43–45 The polarizable continuum 
solvation model (PCM) of acetonitrile was used for all calculations.46 No other methods or basis 
sets were studied further, as the level of theory presented here showed excellent agreement to 
experimental UV-Vis results (Table 2.S1) and have been used widely in the literature.23,40,47–49 The 
time-dependent density functional theory (TD-DFT) was employed for the calculation of vertical 
excitations and optimization of the excited states.50–52 For adiabatic excitations, the method 
implemented by Improta et al. was employed for eliminating error due to solvation differences 
between the ground and the excited states.53,54 This further allows for the emission calculation to 
take place in the reaction field produced in response to the excited state charge distribution rather 
than from the ground state reaction field, resulting in more accurate energies for emission. 
Difference density plots (DDPs) were generated by subtracting the ground state electron density 
from the excited state. DDPs give a representation of how the electron density is affected upon an 
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excitation to the corresponding excited state. Optimized geometries for all ground state and S1 
excited state structures are available in the supporting information. 
2.4 Results and Discussion 
2.4.1 Geometry of Functionalized Et-Fl+ Ions  
In this study, we have incorporated a wide range of functional groups at the C7 (site A) 
and C8 (site B) position on the isoalloxazine ring to investigate the overall substitution effect on 
the photophysical properties of N(5)-ethyl-flavinium cation. As shown in Scheme 2.1, the effect 
of substitution was evaluated by substituting at position A, B, and both positions, designated as 
AB. Considering that the employed computational protocol can reproduce experimental properties 
with excellent accuracy (Table 2.S1), we anticipate that the performed computational work can 
predict the effect of functionalization accurately.  
 
Figure 2.2 Bond lengths (in Å) for Et-Fl+ (black), 1AB (red), and 6AB (blue) as calculated at 
B3LYP/6-31+G(d,p) level of theory using implicit solvation of acetonitrile. Dihedral angle (in 
degree) corresponds to the C4 carbonyl oxygen to N5 position (O4-C4-C4α-N5). Atom colors are 
as follows: carbon is gray, nitrogen is blue, oxygen is red, and hydrogen is white. 
 
 The isoalloxazine ring for flavins and flavinium cations in the oxidized state is planar, 
however, the incorporation of functional groups can impact the planarity.17,38 Therefore, the 
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ground state geometry of the flavinium derivatives was examined. Upon substitution at both A and 
B positions, subtle changes to the geometry can be observed as shown in the Figure 2.2. Changes 
in bond length on the three separate rings are small and relatively insignificant, although the bond 
lengths around the C4α position do change relatively more when compared to other bond lengths 
as a result of substitution. The C4α position is significant, as it corresponds to the site which 
primarily participates in catalysis in many biological and nonbiological systems.7,16,23 This finding 
demonstrates the influence of substitution on ring III, and the subtle impact it can have across the 
entire isoalloxazine structure. In addition to changes in bond lengths, the planarity of the 
isoalloxazine structure changes with the modulation of the functional groups. Upon substitution 
with EDGs at both positions, the uracil moiety of isoalloxazine becomes more planar than the 
parent Et-Fl+ compound while substitution of EWGs result in a less planar uracil moiety. The 
dihedral angle between the carbonyl oxygen at the C4 and N5 positions (O4-C4-C4α-N5) for Et-
Fl+ was observed to be –10º, while the incorporation of EWGs such as in 1AB shifted the angle to 
–13º (i.e., less planar). The incorporation of the EDG in compound 6AB, shifted the angle to –6º, 
or more planar. The strength of the functional group did not affect the overall dihedral angle 
substantially, as all EWGs caused a similar change in dihedral angle to around –13º. The EDGs 
resulted in dihedral angles ranging from –6° to –8°, while the halogens had a much smaller effect 
and resulted in a similar angle to that of Et-Fl+ (see Table 2.S2, supporting information). 
Similar changes in the geometry were observed in the case of substitution at either site A 
or B (see Figure 2.S1, supporting information). Slight changes in bond lengths were observed 
throughout the isoalloxazine structure, with neither position showing a significant change 
compared to Et-Fl+. The bonds surrounding the C4α position show no change in bond lengths when 
comparing substitution at either position A or B. However, a similar shift in planarity is observed 
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between the trifluoromethyl and the amine functional groups as discussed for 1AB and 6AB. 
EWGs exhibited a similar distortion in the isoalloxazine ring to a less planar geometry, and the 
EDGs resulted in more planar geometries. The dihedral angle for 1A was –13˚, and for 1B was –
12˚, while the dihedral angle for both 6A and 6B was –8˚, as shown in Figure 2.2. This indicates 
that functionalizing either position A or B results in similar changes to the ground state geometry, 
regardless of position. Even though the changes in geometry upon substitution are minor, such 
changes in the geometry can have dramatic effects on bonding, electronic structure, and the nature 
of the excited states. (vide infra) 
2.4.2 Electronic Structure of Functionalized Et-Fl+  
The calculated absorption spectrum for Et-Fl+ in acetonitrile shows two major peaks, at 
563 nm and 423 nm, that correlate to the S1 and S3 singlet excited states, respectively, as shown in 
Figure 2.3. These results are in excellent agreement with the experimental data (λmax at 557 and 
414 nm) reported by Sichula et al.40 (Table 2.S1, supporting information). When studying the 
effect of functionalization, two parameters were investigated: 1) location of the substitution and 2) 
type/identity of the functional group. These two parameters resulted in substantial modulation of 
the absorption maxima of Et-Fl+. 
Figure 2.3 displays the computed UV-Vis spectra for two Et-Fl+ derivatives with 
substitution of trifluoromethyl functionality (1A, 1B, and 1AB) and amine group (6A, 6B, 6AB), 
along with the computed spectrum of the parent Et-Fl+. When the functional group is substituted 
at one position (either A or B) a red or blue shift in the absorption maximum is observed, which is 
dependent on the nature of the functional group. Compared to the spectrum of Et-Fl+, derivatives 
1A and 1B show red and blue shifts in the lowest energy absorption maximum, respectively. On 
the contrary, 6A and 6B show a blue and red shifts, respectively. These trends are in accord with 
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the rest of the electron withdrawing and electron donating functional groups studied (see Table 
2.S3, supporting information). The magnitude of the shift in absorption maxima is dependent on 
the electronic strength of the functional groups, while the direction of the shift is dependent on the 
functional group and the position of substitution. 
 
Figure 2.3 Computed UV-Vis spectra for the trifluoromethyl derivatives (left), amine derivatives 
(right), and Et-Fl+ (yellow). Spectra were computed using TD-B3LYP/6-31+G(d,p) level of theory 
with implicit solvation of acetonitrile. 
 
When the functional group is substituted at both positions (A and B), the single substitution 
effects are relatively canceled out. As shown in Table 2.S3, the location for the S1 state absorption 
maximum for AB functionalized flavinium is between the A substituted and the B substituted 
derivatives, with some AB derivatives showing close to an exact average of the wavelengths for 
the A and B derivatives. Furthermore, when an EWG is substituted at both A and B positions, an 
overall blue-shift is observed when compared to Et-Fl+, and for an EDG, an overall red-shift is 
observed. As shown in Figure 2.3, 1AB and 6AB were calculated to have an absorption maximum 
of 528 nm and 596 nm, respectively, corresponding to a blue shift and red shift compared to Et-Fl+ 
(563 nm). This trend is attributed to the competing features of the two positions of substitution and 















































Table 2.1 The most dominant orbital contribution for the S0→S1 and S0→S2 excited state 
transitions for Et-Fl+ and the flavinium derivatives functionalized with amine and trifluoromethyl 
groups.  
 
The effect of functionalization at the C7 and C8 positions on the absorption properties of 
Et-Fl+ is attributed to the electronic interactions of the functional groups and the highly conjugated 
nature of Et-Fl+. The strong electron withdrawing and donating groups (trifluoromethyl and amine, 
respectively) significantly shift the absorption maxima of Et-Fl+ compared to the moderate and 
weak electron contributing groups (see Table 2.S3). The addition or subtraction of electron density 
to the delocalized π-system impacts the FMOs and result in the observed red and blue shifts. The 
shift in S1 energy level is due to the direct effect of the functional group on the HOMO and LUMO 
orbitals, as these orbitals dominate the character of the S1 transition (Table 2.1 and Table 2.S3). 
As shown in Table 2.1, all the S1 excited states correspond to a HOMO to LUMO transition except 
6A, in which a HOMO-1 to LUMO transition is dominant. Additionally, it is clear from Table 2.1 
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that for 6AB, both S1 and S2 states have significant oscillator strength. This is because for 6AB 
both the S1 and S2 states have significant contributions from HOMO → LUMO and HOMO-1 → 
LUMO transitions unlike other molecules studied here, where only one of the aforesaid transitions 
was dominant. (see Table 2.S4, supporting information) Nevertheless, all of the S1 state transitions 
have contributions from HOMO → LUMO. As a result, comparison of the HOMO and LUMO 
energies provide evidence for how the functional groups modulate the absorption maximum of Et-
Fl+. 
Figure 2.4 shows the energies of the HOMO and LUMO orbitals for Et-Fl+ compared to 
amine or trifluoromethyl functionalized Et-Fl+, and displays the HOMO and LUMO isosurface 
plots for Et-Fl+. When substituted at both position A and B, the EWGs lower the orbital energies 
of the HOMO and LUMO while having a stronger impact on the HOMO as shown for 1AB. The 
smaller effect on the LUMO energy compared to the HOMO energy is attributed to increased 
stabilization of the LUMO due to the N5-ethyl group, as shown in Figure 2.4a.40 This results in an 
increase of the HOMO-LUMO (H-L) gap, causing the observed blue shift of the S1 excited state. 
The opposite is true for the EDGs, as shown for 6AB. The HOMO and LUMO orbital energies are 
increased with the added electron density from the amine functional groups. A larger energetic 
increase is observed for the HOMO than for the LUMO energy due to the LUMO stabilization 
previously mentioned. Therefore, the H-L gap decreases, resulting in the observed red shift in 




Figure 2.4 a.) HOMO and LUMO isosurface for Et-Fl+ prepared with an isoval = 0.003. b.) HOMO 
and LUMO energy diagram obtained at B3LYP/6-31+G(d,p) level of theory with implicit 
solvation of acetonitrile for trifluoromethyl and amine derivatives compared to the parent Et-Fl+. 
 
The positional effects observed for single substitution at position A or B are attributed to 
the specific interactions between these positions with the HOMO/LUMO of Et-Fl+. The C7 and 
C8 positions influence the orbital energies involved for the S1 vertical excitation differently, 
resulting in opposite shifts of the absorption maxima. The magnitude of the absorption shift is a 
product of the strength of the functional group, whereas the direction of the shift is a result of the 
position and identity of the substituent. The LUMO of Et-Fl+ contains significant contribution from 
the C8 position while the HOMO of Et-Fl+ contains significant contribution from the C7 position, 
as shown in the HOMO/LUMO plots of Et-Fl+ (Figure 2.4a). Therefore, substitution at position A 
primarily impacts the LUMO, and substitution at position B directly affects the HOMO. EWGs at 
position A lower the energy of the LUMO compared to Et-Fl+ more so than the energy of the 
HOMO, which makes the H-L gap smaller and causes the observed red-shift in the S1 excited state 
for 1A. EWGs at position B lower the HOMO orbital energy compared to Et-Fl+ more so than the 
LUMO orbital energy, making the H-L gap larger and resulting in an overall blue-shift of the S1 
excited state as shown for 1B (Figure 2.4b). The same positional trend was found for EDGs 
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however HOMO and LUMO orbital energies are increased. These results are in excellent 
agreement with the findings of Reiffers et al. where the impact of fluorine substitution at the C6, 
C7, and C8 positions of 10-methylisoalloxazine was investigated. The authors concluded the 
opposite shifting on the absorption maximum is due to the position of the functional groups and 
the interactions with the HOMO and LUMO orbitals, as observed in this study.33  
In addition to the identity of the functional group, the position of the EDG influenced the 
orbital character and oscillator strengths of the singlet excited states. The S1 excited state for 6A 
was observed to no longer be dominated by the HOMO to LUMO transition, but rather the HOMO-
1 to LUMO transition. The HOMO to LUMO instead dominates the S2 excited state. This was 
only observed for the compound 6A and not for any other functionalized flavinium cations studied 
here. Nevertheless, it is not easy to comprehend how the nature of the excited state and ultimately 
the photochemistry will change simply by examining the frontier orbitals involved in these 
transitions because each transition has contributions from HOMO, HOMO-1, HOMO-2 and 
LUMO (Figure 2.S2, supporting information). Thus, the character of the singlet excited states was 
further investigated by calculating the changes in the total electron density upon excitation, which 
takes into account contributions from all frontier orbitals for the electronic transition. 
2.4.3 Nature of Electronic Excited States 
 The nature and character of the singlet excited state transitions can be elucidated from 
difference density plots (DDPs). DDPs have been used in many photochemical systems to analyze 
the change in electron density upon vertical excitation.55–58 In order to obtain DDPs, the electronic 
density was computed at the Franck-Condon excited state from which the ground state electronic 
density was subtracted. Figure 2.5 displays the DDPs for the first singlet excited state for the 
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trifluoromethyl and amine derivatives and Et-Fl+ (see Figure 2.S3 for DDPs of other excited 
states). 
All the DDPs for the S0→S1 transition for functionalized Et-Fl+ show an alternation of the 
sign of electron density along the conjugated π-system of the isoalloxazine ring, resembling a π-
π* transition. The classification of a π-π* for the S1 transition is consistent with the large oscillator 
strength observed for all Et-Fl+ derivatives. All DDPs shown in Figure 2.5 are similar except the 
DDP for 6A. Subtle changes in the electron density of 6A were observed around the C4 carbonyl 
unit on the uracil moiety (ring I) and around the middle pyrazine ring (ring II). This is in 
accordance with the previously discussed orbital contributions for 6A (vide supra, and Figure 2.S2, 
supporting information). Therefore, the nature of the S1 excited state of 6A has some differences 
when compared to the parent Et-Fl+ and the other functionalized flavinium ions. The nature of the 
first excited state for all other derivatives was determined to not change compared to Et-Fl+. 
However, some changes to the DDPs of the higher excited states was observed. Nevertheless, all 
DDPs for the three lowest excited states of the substituted flavins are similar to the DDPs of Et-Fl+ 
and the other derivatives (Figure 2.S3). Even though DDPs are a better tool to determine the nature 
of the excited states when compared to examining individual orbitals, there is still a fundamental 
assumption associated with DDPs that orbitals involved in the transitions will not change upon the 
relaxation of the geometry of the excited state. Another assumption with DDPs is that no state-
crossing is taking place upon the relaxation of the excited state. Consequently, to understand the 
impact of substitution on the fate of the S1 state of functionalized Et-Fl+, the lowest excited states 





Figure 2.5 Difference density plots for the first singlet excited state of Et-Fl+ and the derivatives 
containing trifluoromethyl (1A, AB, and 1AB) and amine groups (6A, 6B, and 6AB). The blue 
contours indicate electron accumulation and the red contours indicate election depletion upon 
electronic excitation to the S1 state. All contours were prepared with an isoval of ±0.001 a.u. 
 
2.4.4 Adiabatic Excited State Properties  
Kasha’s Rule states that the majority of photochemical pathways (emission, fluorescence) 
will occur from the S1 state, which is also consistent with the known flavin photochemistry.59 
Consequently, only the S1 state structures were optimized, which are shown in Figure 2.6 along 





Figure 2.6 Optimized structures for Et-Fl+ (middle), 1AB (left), and 6AB (right) for S0 (bottom 
number) and S1 (top number) states. All bond lengths are in Angstrom. Atom colors are as follows: 
carbon is gray, nitrogen is blue, oxygen is red, and hydrogen is white. 
 
 The geometry of the optimized S1 excited state show subtle changes in bond lengths 
throughout the isoalloxazine ring, with the largest deviations being observed near the C4α position, 
which is the primary site for the flavin mediated catalysis. It should be noted that the structural 
changes were observed to be independent of functional group (see Figure 2.6 and Figure 2.S4), 
which indicates that the nature of the excited state was preserved upon functionalization, even 
though the location of the excited state was modulated. While the optimized bond lengths for the 
S1 state were very similar for 1AB, 6AB, and Et-Fl+, as shown in Figure 2.6, the planarity varied 
greatly for 1AB, where the dihedral angle was substantially different in the excited state when 
compared to the ground state geometry. The dihedral angle between the C2 oxygen and C10α 
shows an angle of 158˚ that distorts the uracil moiety significantly. The same dihedral angles for 
the Et-Fl+ and 6AB were 174˚ and 178˚, respectively. The change in dihedral angle is a result of 
the electron withdrawing nature of the functional group, as the same distortion was observed for 
the other EWGs studied, with the dihedral angle becoming more planar with weaker electron 
withdrawing ability. This trend is similar to the substitutional effect observed for the ground state 
geometry, however, the other carbonyl unit on the uracil moiety is affected. 
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 The optimized geometries for the S1 excited state of A and B substituted Et-Fl+ derivatives 
are shown in Figure 2.S4. Similar effects on the C2 carbonyl oxygen to C10α dihedral angle were 
observed for EWGs, however, position B was observed to have a larger impact on the planarity of 
the flavin when compared to the effect of substitution at position A. Derivative 1A contained an 
angle of 169˚, while 1B contained an angle of 163˚. This effect is consistent for all the electron 
withdrawing substituents. The positional effect was not observed for the optimized ground state 
(Scheme 2.1, vide supra), as both positions resulted in similar dihedral angles.   
For 6A, unlike other systems, the S1 state is primarily at HOMO-1 to LUMO transition 
with subtle changes in the DDPs. Therefore, it is important to examine any possible differences or 
state crossing that might be possible upon the excited state optimization. As a result, we compared 
the orbitals involved in the transition at the ground state geometry as well as at the excited state 
geometry, and almost no significant change was visible (Figure 2.S5 and Table 2.S4). This 
suggests that the nature of the excited state did not change upon the optimization of the S1 
geometry. Furthermore, when comparing the S1 state geometry of 6A with other excited state 
geometries (Figure 2.6, and Figure 2.S4), it is evident that the geometrical changes at C8-C9, C9-
C9α, C9α-N10 and N10- C10α are slightly different. As a result, if the excited state reactivity is 
governed by the electronic structure near C4α, then the aforesaid subtle changes in the excited 
state geometry of 6A will not have any significant impact.  
In addition to singlet excited states, the triplet states of functionalized Et-Fl+ were 
investigated. The triplet states cannot be ignored since the triplet excited states of flavins 
participate in many photochemical reactions.37,60–62 Therefore, the ground triplet state (T1) for Et-
Fl+ derivatives were optimized, and the Frank-Condon vertical excitation transitions were 
calculated. Insight into the photochemical processes and how substitution of Et-Fl+ affects these 
69 
 
processes can be gain by comparing the computed singlet and triplet excited states. Figure 2.7 
shows the excitation from S0 to S1, the relaxation of S1, and the positions of the two lowest triplet 
excited states (T1 and T2). Flavins undergo many photochemical reactions, making it important to 
understand how the various substituent groups affect the energetics of the excited states for all 
possible relaxation pathways. As mentioned previously, two parameters are under investigation: 
the effect of EDGs versus EWGs, and the effect of substituting at the C7 and C8 positions.  
 
Figure 2.7 Representation of substituent effects on the lowest singlet and triplet excited states for 
Et-Fl+ (black), NH2 (red), and CF3 (blue) derivatives. FC refers to Franck-Condon excitation, T1 
is an optimized triplet ground state while the location of T2 state was obtained through vertical 
excitation. All excited states were computed at the TD-B3LYP/6-31+G(d,p) level of theory with 
the implicit solvation of acetonitrile, and energies presented here for the relaxed states contain 
state-specific corrections for solvation. 
 
 When both positions A and B are substituted, a similar trend for the adiabatic excited state 
transition is observed as was observed for the vertical excitations. The S1 excited state is lowered 
in energy when EDGs are substituted at both positions A and B and increased in energy when 
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EWGs are substituted, as shown in Figure 2.7. This trend propagates through the optimization of 
the S1 excited state and relaxation to the ground state. The low lying T2 state has been hypothesized 
to influence the rate and quantum yield of intersystem crossing (ISC).34,63 It is prudent to compare 
the energy of the Frank-Condon (FC) S1 states to the T2 states since the T2 states were computed 
using the vertical excitation method. The T2 states are lower in energy than the FC S1 states for 
both 1AB and 6AB, implying that the potential for intersystem crossing from S1 to T2 is possible 
for both derivatives. The change in energy of the excited states is again attributed to the effect of 
the two positions on the HOMO and LUMO orbitals, and the cancelation of the functional group 
from the positional effect as discussed above.  
Substitution of a strong EDG at position A increases the energy of the FC S1 state, but 
lowers the energy of relaxed S1 state and T2 state compared to Et-Fl+. An EDG in position A causes 
a blue-shift in absorption by raising the energy of the LUMO orbital (see Figure 2.4). However, 
solvent effects may play a significant role when relaxing the singlet excited state. The opposite 
trend is observed for substitution of a strong EWG at the same position; derivative 1A shows very 
little change in the relaxation energy of the FC S1 state when compared to that of Et-Fl+, but does 
show an increase in the energy of the T2 state significantly. The T2 state of 1A is shifted to a higher 
energy than the FC S1 state, resulting in a thermodynamically unfavorable path for ISC. The 
change in excited states has the potential to reduce the rate and quantum yield of ISC 
experimentally and thereby affect the catalytic efficiency. This result is in excellent agreement 
with experimental results published for C8 substituted trifluoromethyl-riboflavin. Compared to 
riboflavin, the C8-trifluoromethyl derivative had a much lower triplet state quantum yield.64 When 
the EWG is substituted at position B, the energy of all the excited states increases with respect to 
Et-Fl+. The potential for ISC is possible for 1B, as the T2 state is energetically similar to the FC S1 
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state, but lower in energy. EDGs at position B resulted in a decrease in all excited states except T2, 
as shown for 6B. The T2 excited state is significantly higher in energy than FC S1, making ISC 
thermodynamically unfavorable for 6B. Opposite trends in the singlet excited states are again 
observed for substitution at position A and B, and the same opposite trends are also observed in 
the triplet excited states. Position A affects the energy of the T2 state significantly, while position 
B has a stronger effect on the T1 state (with respect to Et-Fl+). The results of this analysis imply 
that substitution of the benzene moiety of Et-Fl+ directly affects the singlet and triplet excited states 
resulting in modulation of the overall photochemistry of Et-Fl+. 
2.5 Conclusion 
In summary, the impact of functionalization on the electronic structure and the excited 
states of N(5)-ethyl-flavinium (Et-Fl+) was evaluated using computational means, and insight into 
the changes in photochemical dynamics were presented. The functional groups were incorporated 
in place of the terminal methyl groups (at position C7 and C8) of the isoalloxazine ring. 
Substitution showed a minor effect on the bond lengths of Et-Fl+ near the C4α position, implying 
a change in the electronic structure of the Et-Fl+. More significantly, the carbonyl oxygen of the 
uracil moiety was observed to disrupt the planarity of the isoalloxazine ring when EWGs were 
introduced. The incorporation of functional groups drastically changed the electronic structure of 
Et-Fl+, and resulted in modulations to the location of the S1 state. The presence of EWGs in place 
of the C8 methyl group red-shifted the absorption maximum, while EDGs at the same position 
blue-shifted the absorption maximum. The opposite trend was observed upon substitution at the 
C7 methyl group for both EWGs and EDGs. The effects of individual substitution were found to 
be due to the differential contribution from C7 and C8 position to the HOMO and LUMO orbitals. 
Simultaneous substitution at both C7 and C8 methyl units seemingly negates the observed 
72 
 
positional effects of individual substitution. The addition of functional groups did not affect the 
nature of the first excited state of Et-Fl+, except for 6A in which the S1 excited state is dominated 
by HOMO-1 to LUMO orbital character. Furthermore, substitution at the C7 and C8 position 
resulted in modulations of the energy of a low-lying T2 excited state, which could have 
implications for improving or hindering the ISC mechanism from the S1 to T2 state, resulting in 
the alteration of the photocatalytic properties. The results presented here, although specific to Et-
Fl+, can be applied to other flavinium compounds and help direct targeted synthesis of flavin 
derivatives for improved photochemical applications. 
2.6 Supporting Information 
Computational method benchmark, geometric parameters, excited state information for all 
derivatives, difference density and frontier molecular orbital plots, and optimized cartesian 
coordinates for all derivatives is available free of charge at, 
https://pubs.acs.org/doi/10.1021/acs.jpca.0c01938.  
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SYNTHESIS, SPECTROSCOPY, AND PHOTOCATALYSIS OF FLAVINS 
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3.1 Abstract 
Biological and artificial flavins have been utilized in many forms of catalysis due to their strong 
redox properties for many years. In addition, flavins have been employed for various photocatalytic 
reactions such as benzylic oxidations and water oxidation. Functionalization of the C7 and C8 positions on 
the flavin backbone has been shown to modulate the absorption and fluorescence properties of lumiflavin 
(the base-flavin structure) and we hypothesize functional derivation at these positions will help attain 
improved photocatalysis. We have synthesized a series of mono- and di-chlorinated flavin derivatives upon 
which investigations probing the fundamental photochemistry were performed. Density functional theory 
(DFT) calculations, UV-Vis spectroscopy and Laser Flash Photolysis (LFP) experiments were conducted 
to explore how the position and the identity of the functional group effects the overall flavin photochemical 
properties. The incorporation of chloro-groups at the C7 and C8 positions were determined to have opposite 
effects on the lifetime of triplet flavin, the catalytically activate state. Therefore, preliminary results indicate 
functionalization could improve or hinder the photocatalysis of flavins. Furthermore, photocatalytic 
experiments studying the photooxidation of benzyl alcohol are proposed in the future. 
3.2 Introduction 
Due to their chemical versatility, research on flavin based materials is a rapidly growing 
area in the scientific community. Flavins are present in many biological cofactors, and are well 
known for their vast chemical adaptability; for example, flavins such as riboflavin, participate as 
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cofactors in one- and two-electron transfer reactions, oxidation reactions, dehydrogenation 
reactions, and as photoreceptors.1–5 This chemical versatility has become the motivation for 
implementation of flavins in non-biological settings. Several areas where flavins have been 
determined to contain value is as molecular catalysts in organic synthesis6,7, targeted drug 
delivery8,9, sensing applications810,11, optoelectronics8,12,13, and as catalysts for water oxidation14–
16. Of these non-biological applications, the use of flavins as synthetic oxidation catalysts is of 
increased interest as flavins have been determined to photochemically oxidize a wide range of 
substrates such as, amines, sulfides, aldehydes, and ketones.17–20 
 
Figure 3.1 a) Chemical structure of riboflavin with flavin atom numbering and b) the proposed 
catalytic photochemical oxidation mechanism where Fl, Fl*, S and OS stands for flavin, excited 
state flavin, substrate and oxidized substrate, respectively. 
The flavin catalytic photooxidation mechanism has been the subject of many reports and 
is believed to be initiated from the triplet excited state of flavins. As shown in Figure 3.1, flavins 
absorb light (typically blue light, ~440nm) and populate the singlet excited state. Subsequent 
intersystem crossing forms the active triplet excited states. It has then been proposed that electron 
transfer or proton coupled electron transfer to the flavin from the substrate oxidizes the substrate 
to give the reduced flavins (FlH2).17 Additionally, flavins are well known to be type II 
photosensitizers, where triplet excited state flavins react with triplet oxygen forming the highly 
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reactive singlet oxygen that can oxidize substrates.17,19,21,22 However, the specific details of the 
catalytic photochemical mechanisms have not been definitively established. 
The study of functionalization effects on flavins photochemical properties is heavily 
investigated, however the majority of these studies involve synthesizing a new functionalized 
flavin and investigating the resulting properties. Therefore, it has been shown that 
functionalization of the benzene moiety (C6, C7, C8, and C9, Figure 3.1) of the flavin isoalloxazine 
(tricyclic ring scaffold) can affect the photophysical and photochemical properties.19,23–27 These 
studies serve as the motivation for this work, in which we systematically investigate how 
functionalizing the isoalloxazine ring effects the photocatalytic nature of flavins and flavinium 
ions to help strategically design better flavin photocatalysts.  
The chlorinated flavins (Figure 3.2) presented an opportunity to directly investigate the C7 
and C8 positions of the isoalloxazine ring experimentally as the precursors were readily available 
from commercial sources. Additionally, there has been little to no work on chlorinated flavins and 
flavinium ions and correlating the effects of functionalization on the photochemical properties and 
resulting photocatalysis. The redox properties of chlorinated flavins have been studied and the 
position of functionalization has been determined to affect the redox properties.28–31 Several 
studies on chlorinated flavins include investigations into preparing 8-chloroflavins for use as 
artificial biological probes to replace native flavins.2,32,33 Additionally, the photochemistry of 8-
chloroflavin has been studied and shown to increase the yield of the triplet excited state due to 
increasing spin-orbit coupling.34 7,8-dichloroflavin has previously been investigated as an 
oxidation catalyst for Dakin oxidations.35 Lastly, 7-chloroflavin derivatives have been investigated 




Figure 3.2 Chemical structures for the flavins investigated with naming scheme. 
 
Four flavins namely, 7-chloroflavin (7Cl-Fl), 8-chloroflavin (8Cl-Fl), 7,8-dichloroflavin 
(diCl-Fl), and 7,8-dihydroflavin (diH-Fl), were synthesized to investigate how positional 
functionalization of the benzene moiety effects the photocatalytic oxidation of benzyl alcohol. The 
diH-Fl served as a control for the chlorinated flavins and as reference to validate our results with 
previous studies. Steady-state absorption spectroscopy and nanosecond transient absorption 
spectroscopy (nsTAS) was performed on the prepared flavins in conjunction with density 
functional theory (DFT) calculations to investigate the effect of functionalization on flavin 
photochemistry and excited state dynamics. Photocatalytic experiments to probe the oxidation of 
benzyl alcohol are proposed and will be performed in the near future. These experiments will help 
to identify how the incorporation of functional groups at the C7 and C8 positions on the 
isoalloxazine ring impact the flavin photocatalysis and can be the basis for strategic 
functionalization for the rational design of new flavin materials with improved properties. 
3.3 Methods 
3.3.1 Materials 
All reagents and solvents were purchased from commercial sources and used without 
further purification. 1H NMR spectra was collected using a JEOL ECA-500MHz NMR 







Figure 3.3 Synthetic scheme used for the synthesis of flavins. a) trifluoroacetic anhydride in 
dichloromethane, b) ethyl iodide and potassium carbonate in acetonitrile, c) sodium hydroxide 
solution in methanol, d) reduction of the nitro group with tin or zinc, in acid, e) acid catalyzed 
condensation of alloxan in acetic acid and boric acid. The synthetic methods are described in more 
detail in the text. 
 
The flavins were synthesized according to the adapted synthetic scheme shown in Figure 
3.3.19,38,39 The first step of the synthesis (step a, Figure 3.3) involves reacting the substituted ortho-
nitroaniline precursor with trifluoroacetic anhydride to activate and protect the amine from over 
alkylation in the next reaction step. Following the protection of the amine, ethyl iodide is used 
along with potassium carbonate to alkylate the amine (step b, Figure 3.3). The product is then 
deprotected using methanol and a sodium hydroxide solution yielding the alkylated o-nitroaniline 
precursor (step c, Figure 3.3). The last two steps involve the reduction of the nitro-group (step d) 
and the isoalloxazine ring formation (step e). These two reactions are the most difficult and lowest 
yielding reactions. The reduction was performed several ways using iron, zinc, or tin reagents in 
various acidic conditions under an inert atmosphere of nitrogen because changing the position of 
the chloro-group lowered the effectiveness of the reduction. The best condition was found to be 
zinc powder or mossy zinc in acetic acid as the reaction could be performed at room temperature 
and the reaction media could be directly transferred to the next step to avoid large product loses 
due to the presence of oxygen. The final step is then an acid catalyzed condensation reaction 
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between the o-diamine and alloxan. This reaction is performed in acetic acid and boric acid and 
typically performed under an inert atmosphere. This reaction is the lowest yielding step and 
therefore is the topic of future work.  
7,8-dihydroflavin. 1H NMR (500MHz, CD3CN): 8.13 (d, 1H), 7.92 (t, 1H), 7.82 (d, 1H), 7.62 (t, 
1H), 4.69 (q, 2H), and 1.41 (t, 3H).   
7-chloroflavin. 1H NMR (500MHz, (CD3)2SO): 8.22 (s, 1H), 7.98 (d, 1H). 7.95 (d, 1H), 4.58 (q, 
2H), 1.27 (t, 3H).  
8-chloroflavin. 1H NMR (500MHz, CD3CN): 8.02 (d, 1H), 7.23 (d, 1H), 7.11 (s, 1H), 4.67 (q, 2H), 
and 1.41 (t, 3H). 
3.3.3 Computational Methods 
All computations were performed using the Gaussian 09 software package.40 Molecular 
geometries were optimized at the Becke’s three-parameter hybrid functional with the Lee-Yang-
Parr correlation functional (B3LYP) with the 6-31+G(d,p) basis sets.41–43 The polarizable 
continuum solvation model (PCM) of acetonitrile was used for all calculations.44 No other methods 
or basis sets were studied further, as the level of theory presented here showed excellent agreement 
to experimental UV-Vis results and have been used widely in the literature.14,28,38,45,46 The time-
dependent density functional theory (TD-DFT) was used for the calculation of vertical excitations 
and optimization of the excited states.47–49 Difference density plots (DDPs) were generated by 
subtracting the ground state electron density from the excited state. DDPs give a representation of 
how the electron density is affected upon an excitation to the corresponding excited state.  
3.3.4 Nanosecond Transient Absorption Spectroscopy (nsTAS) 
The nsTAS experiments were performed using an Continuum Surelite nanosecond 
Nd:YAG laser and Horizon OPA to achieve an excitation wavelength of 440nm. Edinburgh 
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Instruments LP980 spectrometer was used to collect spectral absorption and kinetic lifetimes for 
the model flavins. Kinetic traces at each absorption and emission wavelength were fit as single 
and bi-exponential decays and the goodness of fit was evaluated using the reduced chi-squared 
(χ2) function as well as evaluating the residuals obtained from each type of fit. In either case, the 
exponential decay that provided the best residuals and lowest χ2 was used to analyze the data. 
Samples were prepared to achieve a concentration needed for absorbance of A=1.0 at the lowest 
absorption peak (430-450nm). Quartz cuvettes were used, and flavin samples were deoxygenated 
prior to experimentation by purging with nitrogen.  
3.4 Results and Discussion 
3.4.1 Synthesis of Flavins 
The flavin synthesis employed in this study has been widely used in the literature with 
slight modifications to the reaction steps. Despite this, the multi-step synthesis approach and 
purification of flavins is very challenging. Of the five-step reaction sequence, the last two steps 
can be problematic as the o-diamine is unstable and highly reactive towards oxygen and the 
condensation reaction with alloxan is not well studied and various side products limit the final 
yield of the desired flavin.50 Moreover, the purification of the final flavin can be extremely difficult 
due to the structural and chemical similarity of the side products. Therefore, only three of the four 
model flavins in this study have been synthesized and successfully characterized, and ongoing 
research is being performed to prepare the 7,8-dichloroflavin and to improve the feasibility of 
synthesizing flavins. Investigations towards improving the flavin synthesis will be discussed 





3.4.2 Electronic Structure of Chlorinated Flavins 
Chloro functional groups have been incorporated at the C7 and C8 positions of the 
isoalloxazine ring to investigate the effect of substitution and position of substitution on the 
photophysical and photochemical properties of flavins. Three of the four flavins were synthesized 
and the ground state absorbance spectra were recorded in acetonitrile and compared to the 
calculated absorption spectra (see Figure 3.4 and Table 3.1). The two major peaks at 433 and 328 
nm for the diH-Fl are due to π,π* transitions and are in excellent agreement with previous 
studies.51,52 Similarly, the chlorinated flavins contain two major absorption peaks with the same 
shape as observed for diH-Fl with slight red or blue shifting depending on the position of the 
chloro-functional group. Incorporating a chloro-group and changing the position of the chloro-
group from C7 to C8 modulates the flavin absorbance spectrum. The lowest energy absorption 
band corresponding to excitation to the first excited state (S1) shifts from 433nm for diH-Fl to 
442nm for 7Cl-Fl and 427nm for 8Cl-Fl (Figure 3.3 and Table 3.1). The opposite effects of the C7 
and C8 positions on the energy of the S1 maximum absorption has been previously studied for 
flavins and flavinium cations and is attributed to the contribution of the two positions to the frontier 
molecular orbital (FMOs).23,24 Furthermore, the second lowest energy absorption maximum was 
also determined to shift with the addition of the chloro-groups at the C7 and C8 positions. The 
diH-Fl S3 absorption peak at 328nm was blue-shifted slightly to 323nm when the C7 position was 





Figure 3.4 Experimental (red line) and computational (blue line) ground state absorption spectra 
for 8-chloroflavin (top left), 7-chloroflavin (top right), dihydroflavin (bottom left), and 7,8-
dichloroflavin (bottom right). Experimental absorbance (left axis) and epsilon (right axis) are 
presented. Epsilon is based on the calculated oscillator strength and corresponds to the 
computational absorbance. 
 
To further probe the origin of the functional group effects, time dependent vertical 
excitation DFT calculations were performed in implicit solvation of acetonitrile. The 
computational protocol used in this study has previously been shown to accurately predict the 
photochemistry of flavins and as shown in Figure 3.4 and Table 3.1, the computational absorption 
peaks agree with the experimental results for the flavins studied. Calculated oscillator strengths 
for the excited states of all four flavins predict that excitation to the S1 and S4 excited states 
correspond to the lowest and second lowest energy experimental absorption peaks, respectively. 
The S1 and S4 excited states have high oscillator strengths, suggesting a π,π* transitions, indicating 
that these excitations are likely to occur, while the oscillator strengths for the S2 and S3 excited 
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states are near zero, suggesting less likely n,π* transitions. Furthermore, the addition of a 
functional groups and changing the position of the functional group had no effect on the magnitude 
of the oscillator strengths for the four lowest excited states. These results are contrary to previous 
studies on ethylflavinium cations and lumiflavin, where the S1 and S3 states were determined to be 
the π,π* transitions resulting in the experimental absorbance spectra.23,45 The two species, flavins 
and flavinium cations, contain different electronic structure, and as a result, will contain different 
excited state properties. Furthermore, the experimental spectra for flavin and flavinium ions are 
known to differ slightly in peak shape and energy which supports the computational findings of 
the different ordering of the higher excited states between flavin and flavinium cations. 
Table 3.1 Experimental and computational ground state absorption maxima for the flavins studied. 
Values in parentheses are oscillator strengths and all wavelengths are presented in nanometer.  
 
Peak 
diH-Fl 7-Cl-Fl 8Cl-Fl diCl-Fl 






































The S1 and S4 absorption peaks for 8Cl-Fl blend into one broad absorption profile from 
350 to 475 nm as a result from the blue-shift of the S1 absorption maximum and the red-shift of 
the S4 absorption maximum. The opposite was observed for the 7Cl-Fl, as a red-shift of the S1 
maximum and a blue-shift of the S4 maximum spread out the two lowest absorption peaks. Due to 
synthetic and laboratory operational problems previously discussed, the diCl-Fl has yet to be 
measured however computationally, the S1 and S4 absorption peaks were determined to be 429 and 
344 nm, respectively. The red and blue shifting observed in the absorption maxima for 7Cl-Fl and 
89 
 
8Cl-Fl effectively cancel when both the C7 and C8 positions are functionalized in diCl-Fl. This 
has been previously determined to be due to cancelation of the positional effects on the FMOs.23  
3.4.3 Nature of the Excited States 
The nature of the excited states can be elucidated from difference density plots (DDPs), 
which allow for analysis of the change in electron density upon vertical excitation. Figure 3.5 
displays the DDPs for the calculated vertical excitations to the four lowest singlet excited states 
for the four flavins. The DDP for excitation to the S1 excited state for all four flavins consists of 
alternating electron density around the isoalloxazine ring indicative of a π,π* transition. This is in 
agreement with the large oscillator strength calculated for the vertical excitation to the S1 state. 
The DDPs for excitation to the S2 and S3 states indicate n,π* transitions since electron density is 
lost from the N1 and N10 nitrogen and the O2 and O4 oxygen lone pair (see Figure 3.1 for atom 
numbering), respectively, and accumulated throughout the tricyclic aromatic unit. Moreover, 
assignment of n,π* transitions to the S2 and S3 is in accord with the near zero oscillator strengths 
calculated for the two excited states. Lastly, excitation to the S4 state involves electron depletion 
and accumulation throughout the pi-system of the isoalloxazine unit and is assigned as a π,π* 
transition. The DDPs for the four flavins are very similar for the four lowest excitations, thus, 
incorporating the chloro-functional group at the C7 and C8 positions does not change the nature 
of the lowest excited states for flavins.  
3.4.4 Excited State Processes 
The results from the ground state absorbance experiments and investigation of the nature 
of the excited states indicate that incorporation of chloro-functional groups at the C7 and C8 
positions modulate the energetics of the excited states without changing the nature of the excited 
states. Therefore, the chlorinated flavins can be directly used to study the effect functionalization 
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has on the photocatalysis of flavins. The photocatalytic mechanism of flavins is proposed to 
commence from intersystem crossing (ISC) from the S1 state to the triplet excited state, which is 
the proposed active catalyst. Therefore, nanosecond transient absorption spectroscopy (nsTAS) 
was performed to evaluate the lifetime of the flavin triplet excited state and how functionalization 
effects the lifetime. If the opposite positional effects of the C7 and C8 positions on the electronic 
structure of flavins is significant, functionalization of the isoalloxazine can lead to either 
improvement or impairment of flavin mediated photocatalysis.  
 
Figure 3.5 Difference density plots for vertical excitation to the first four singlet excited state of 
diH-Fl, diCl-Fl, 7Cl-Fl, and 8Cl-Fl. The blue contours indicate electron accumulation and the red 
contours indicate election depletion upon electronic excitation from the S0 state. All contours were 




The transient absorption spectra for diH-Fl, 7Cl-Fl, and 8Cl-Fl are shown in Figure 3.6. 
Large negative peaks are observed for all three flavins in the range of 400 to ~600-700nm and 
these peaks are assigned as ground state bleach and stimulated emission, respectively. The negative 
peaks from 400 to 460nm are shaped similarly to the lowest energy ground state absorption peaks 
presented in Figure 3.3 and 3.7. Ground state bleach is as artifact of the spectroscopic technique 
where a fraction of the molecules is promoted to the excited state through the pump laser pulse 
causing the population of the ground state to decrease, thus, creating a diminished response in the 
absorption spectra of the excited sample after the probe laser pulse. This artifact causes a negative 
signal in the region of ground state absorbance.53 The large negative peak from 460nm to 600-
700nm is a result of stimulated emission where molecules in the excited state will fluoresce when 
the probe laser pulse passes through the excited sample. The emission is correlated to the 
fluorescence as comparison of the emission spectra is in very good agreement with the negative 
stimulated emission peak in the transient absorption spectra (Figure 3.6 and 3.7). Furthermore, the 
lifetime of the stimulated emission peak is on the order of typical fluorescence processes as the 
peak is completely gone after several microsecond and nanoseconds (data not shown) and the 
kinetic lifetimes for emission could not be measured on our experimental system. Therefore, this 
peak can be classified as a rapid deactivation of the S1 excited state. Interestingly, the three flavins 
contain different intensities and peak shape of the fluorescence band. The most intense 
fluorescence peak was observed for diH-Fl followed by 7Cl-Fl, with both flavins having a similar 
florescence peak shape. The 8Cl-Fl was found to have a dramatic reduction in the fluorescence 
intensity and the peak shape is narrower (only extends to 600nm) and contains four peaks. The 
multimodal shape for 8Cl-Fl is believed to be caused by the instrument as the emission spectra 
(Figure 3.7) is very similar in shape to diH-Fl and the multiple peaks are not present. Lastly, the 
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8Cl-Fl fluorescence peak directly translates into an absorption band at 680 nm, which was not 
observed for diH-Fl and 7Cl-Fl. A similar spectrum has been previously determined for 9-
iodoflavin using femto-second transient absorption spectroscopy. The S1 excited state of 9-
iodoflavin decays on the picosecond timeframe and forms the triplet excited state in the 500 to 
700nm range.19 The spectra measured for 8Cl-Fl could likely indicate the formation of the triplet 
excited state, however, due to the nanosecond timeframe, no conclusions can be drawn about this 
transition. Further investigations into the origin of the stimulated emission multimodal peak and 
the connection of the emission peak with the 680nm absorption peak for 8Cl-Fl is needed and 
additional experiments to investigate the photochemistry of the four flavins are planned. 
To better analyze the positive absorption peaks for diH-Fl, 7Cl-Fl, and 8Cl-Fl, the large 
fluorescence was removed by beginning the time domain at 5.0μs (Figure 3.6b). Broad transient 
absorption peaks are observed for the flavins in the 500 to 700nm range, indicative of triplet 
excited state π,π* absorption/deactivation processes. Since the positive peaks decay back to 
baseline with time, we can assign these absorption peaks as the relaxation of the triplet excited 
states back to ground state. The transient absorption peaks were probed to measure the kinetics of 
the relaxation of the triplet excited states. As previously mentioned, the formation of the triplet 
excited state via ISC is not feasible, however relaxation of the triplet excited to the ground state 
was measured on the microsecond time scale as shown in Table 3.2. The incorporation of the 
chloro-functional group at the C7 and C8 positions affected the lifetimes of triplet relaxation as 
shown in Table 3.2. The lifetime for the triplet excited state follows the trend, diH-Fl < 7Cl-Fl < 
8Cl-Fl with the longest-lived triplet excited state being 8Cl-Fl with a lifetime of 42.0μs. The 
increase in triplet lifetime for both C7 and C8 chlorinated flavins compared to diH-Fl could be a 




Figure 3.6 (A) Transient absorption spectra for diH-Fl (top), 7Cl-Fl (middle), and 8Cl-Fl (bottom) 
including the fluorescence peak. (B) Transient absorption spectra for diH-Fl (top), 7Cl-Fl (middle), 
and 8Cl-Fl (bottom) with removal of the fluorescence peak. Spectra recorded in acetonitrile in N2 








Figure 3.7 Experimental absorption (black line) and emission (red line) spectra for a) diH-Fl and 
b) 8Cl-Fl. Emission spectra were corrected to have fluorescence intensity between 0 and 1. Spectra 
were recorded in acetonitrile. 
 
However, the C8 position has a much greater effect on the triplet lifetime than the C7 
position. Interestingly, the lifetimes for diH-Fl and 7Cl-Fl were obtained by fitting the exponential 
decay function with a single exponential while the lifetime of 8Cl-Fl was fit with a bi-exponential 
function. Therefore, two deactivation channels are likely present for the 8Cl-Fl. Previous studies 
have similarly observed two lifetimes for flavin triplet decay however no explanation for the 
presence of two relaxation channels has been provided. One postulation for the presence of two 
relaxation lifetimes could be that ISC to the T2 or T3 states is occurring and internal conversion to 
the T1 and ISC to the S0 states occurs on different time scales. Further experiments are needed to 
investigate the triplet relaxation for the synthesized flavins.  
Table 3.2 Lifetimes determined for the 500nm triplet absorption peak for diH-Fl, 7Cl-Fl, and 8Cl-
Fl. The chi-squared metric is shown to represent goodness of fit. 
Flavin 𝜏 (µs) χ2 
7,8-dihydro 13.3 0.740 
7-chloro 19.8 0.780 
8-chloro 𝜏1: 8.7 𝜏2: 42.0 0.690 
 
 To further evaluate the possibility of ISC for the four flavins, the geometries for the S1, T1 
and T2 excited states were optimized. ISC is dependent on the vibrational overlap of the singlet 
and triplet excited states, however comparison of the energies of the excited states gives insight 
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into whether ISC is energetically feasible or not and a similar analysis has been previously 
performed for fluorinated flavins.23–25 ISC in is believed to occur from the S1 excited state in line 
with Kasha’s Rule of photochemical processes. The exact triplet state responsible for flavin 
catalysis is unknown however previous studies have hypothesized the low-lying T2 state to play a 
role in ISC.25 Therefore, the geometries for the T1 and T2 excited states were optimized and the 
energies were compared with respect to the optimized S1 excited state as shown in Figure 3.8 to 
evaluate the possibility of ISC.  
 
Figure 3.8 Representation of substituent effects on the lowest singlet and triplet excited states for 
diH-Fl, diCl-Fl, 7Cl-Fl, and 8Cl-Fl. FC refers to Franck-Condon excitation, A refers to adiabatic 
excitation where the excited state geometry was optimized. All excited states were computed at 
the TD-B3LYP/6-31+G(d,p) level of theory with the implicit solvation of acetonitrile. 
 
Functionalizing the C7 position with a chloro-group resulted in the energy of the Frank-
Condon (FC) S1 state to become lower than the energy of the FC T2 state. Comparison of the 
adiabatic S1 and T2 states show that the energy is much closer however, the S1 state is slightly 
lower in energy than the T2 state. This indicates that ISC could be less favorable when a chloro-
group is substituted at the C7 position. The opposite trend was observed for 8Cl-Fl. Similar results 
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were determined for functionalizing fluoro-groups at the C7 and C8 positions.24 Both the FC and 
adiabatic energies of the S1 are higher in energy than the T2 state possibly eluding to a more 
energetically favorable ISC to the triplet excited state. Both the diH-Fl and diCl-Fl were 
determined to have S1 states higher in energy than the corresponding T2 state indicating ISC would 
be a favorable process. Therefore, 8Cl-Fl, diH-Fl, and diCl-Fl all have an energetically favorable 
ISC, however the 7Cl-Fl is hypothesized to have diminished ISC to the triplet excited state and, 
thus would have be less active towards photocatalysis.  
3.4.5 Photocatalysis 
The results of the nsTAS experiments indicate that 8Cl-Fl has a longer-lived triplet excited 
state than 7Cl-Fl and diH-Fl and comparison of the energetics of the singlet and triplet excited 
states suggest that 7Cl-Fl has a lower likelihood to form the triplet excited state. These results 
encourage the possibility that functionalizing the C7 and C8 positions will have opposite effects 
on the ability to populate and sustain the triplet excited state and therefore would lead to improved 
or hindered photocatalysis. The effect of functionalization on photocatalysis will be explored 
further by studying the photocatalytic oxidation of benzyl alcohol. The model reaction for the 
oxidation of benzyl alcohol is shown in Scheme 3.1. Due to the synthetic challenges of preparing 
the four flavins and ensuing global pandemic, no photocatalytic experiments have been performed 
at this time. Future experiments studying the photooxidation of benzyl alcohol to evaluate the 
effect of functionalization at the C7 and C8 positions of the isoalloxazine ring will be performed.   
 






 The effect of functionalization of the C7 and C8 positions of the isoalloxazine ring on the 
photochemistry and photocatalysis of flavins was evaluated using computational and experimental 
techniques. Three flavins were synthesized and their photochemistry was investigated using 
ground state absorption and nanosecond transient absorption spectroscopy. Functionalizing the C7 
position with a chloro-group cause a red-shift in the S1 absorption peak and a blue-shift of the S4 
absorption peak (second lowest energy excitation), with respect to diH-Fl. The opposite was 
observed when functionalizing the C8 position, resulting in the two lowest energy absorption peaks 
to merge into one broad peak. While the energetics of the excited states were modulated with 
functionalization, the nature of the four lowest excited states remained the same, indicating that 
functionalization does not change the character of the excited states. Nanosecond transient 
absorption spectroscopy was performed and the kinetics of the triplet excited states of the three 
prepared flavins were investigated. The 8Cl-Fl was determined to have the longest-lived triplet 
excited state indicating it would be a better photocatalyst than the 7Cl-Fl and diH-Fl. Further 
analysis of the energies of the singlet and triplet excited states concluded that the 7Cl-Fl would 
have diminished ISC due to the energy for the S1 being lower than the T2 state. Therefore, the 
authors hypothesize that the 8Cl-Fl will be an improved photocatalyst and the 7Cl-Fl will be a 
weaker photocatalyst compared to diH-Fl. Photocatalytic oxidation experiments will be performed 
using the oxidation of benzyl alcohol to determine the effect of functionalization on the flavin 
photocatalytic ability. Additionally, further studies will involve investigating the synthesis of 
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UNDERSTANDING AND IMPROVING THE SYNTHESIS OF FLAVINS PART I: 
STRUCTURE, REACTIVITY, AND IMPLICATIONS  
OF ALLOXAN MONOHYDRATE 
 
Brian D. Etz1, Jacob T. Bingham1, Julie M. DuClos1, Shubham Vyas1,* 
 
4.1 Abstract 
The synthesis of flavins can be a difficult task since it typically involves multi-step, low 
yielding reactions. The most commonly used reaction to form the flavin scaffold is the acid 
catalyzed condensation of alloxan (in a monohydrated form) with a substituted ortho-diamine. 
However, this reaction produces many side-products, making product isolation difficult and 
resulting in low product yields; thus, our motivation for investigating the underlying chemistry of 
alloxan monohydrate, a reagent whose true structure has been a subject of debate for decades. In 
this work, the structures of alloxan, alloxan monohydrate, and 5,5`-dihydroxybarbituric acid 
(geminal diol form), and their interconversions were investigated to determine which active 
form(s) alloxan adopts in flavin synthesis. Density functional theory calculations were performed 
to analyze various conformations and determine the lowest energy structures in the gas phase and 
liquid phase. Reaction energetics were calculated for the hydration of the C5 carbonyl of alloxan 
to form the geminal di-alcohol structure. Steady state absorption, nuclear magnetic resonance 
(NMR) and infrared spectroscopy were performed on alloxan monohydrate and 5,5`-
dihydroxybarbituric acid to definitively conclude the correct identity of the structure of alloxan  
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monohydrate used in the flavin synthesis. It was found that alloxan monohydrate favors the 
geminal diol structure in the gas-phase but prefers H-bonded alloxan-water conformations in the 
liquid-phase. Additionally, water or acetic acid mediated proton transfer was found to lower the 
transition state energy barrier of the C5 hydration reaction by ~16 and 27 kcal/mol, respectively. 
Lastly, the structure of alloxan monohydrate was determined to be the C5 geminal diol structure 
however, with longer heating times during the recrystallization an alloxan dimer is produced. 
4.2 Introduction 
 Flavins are a diverse class of biomimetic organic compounds that have received significant 
attention in the past few decades. Since 1950, more than 30,000 journal articles, patents, and book 
chapters have been published on flavins (Search keyword: Flavin, Scifinder-n, accessed on 6-17-
20). The considerable research on flavins is attributed to their widespread critical roles in biology, 
where flavins act as cofactors, helping mediate chemical reactions through their strong redox and 
photochemical properties.1–3 As biology often inspires chemistry, much of the recent work 
pertaining to flavins has focused on their synthetic design for use in applications such as synthetic 
oxidation catalysts4,5, bioengineered materials6, and as photocatalysts7. 
 Several synthetic approaches have been used to prepared flavin scaffolds and reviews of 
the synthetic approaches are available. The most commonly practiced approach is the acid 
catalyzed condensation of alloxan monohydrate with an o-phenylenediamine, where one amine 
must be primary and the other secondary to produce the desired isoalloxazine flavin form (Scheme 
4.1).8 This approach gives the researcher several avenues to modify the flavin isoalloxazine 
backbone and thus tune the overall flavin properties. However, the reaction suffers from poor 
yields ranging from 40 to 60%, owing to the number of side-products generated and difficulty of 
isolation. Based on normal starting materials and depending on the desired final isoalloxazine sub-
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structure, the total flavin synthesis could be up to 5 steps, with the alloxan condensation reaction 
being the last step in turn severely limiting the overall flavin product yield. In an effort to improve 
the flavin synthesis and product yield, the primary reaction of a substituted diamine with alloxan 
was investigated further by probing the structure and reactivity of alloxan. 
 
Scheme 4.1 Synthesis of the flavin isoalloxazine ring through the acid catalyzed condensation 
reaction of alloxan with substituted o-phenylenediamine. 
 
Alloxan is an interesting organic compound that has a long and complex history. It was 
first synthesized in 1818, however the true structure and form of alloxan has been debated for 
many years, and discrepancies still linger in the literature. Anhydrous alloxan (prepared by heating 
the monohydrate under reduced pressure) is widely accepted as a planar 6-membered antiaromatic 
ring containing four ketone and two amine groups (Figure 4.1). Even though there are 4 H-
accepting and 2 H-donating sites, it is now understood that the crystal structure lacks an H-bonded 
network, and instead forms stacked aggregates. Anhydrous alloxan is difficult to obtain and 
quickly reverts back to the monohydrate form from water in the atmosphere. It is alloxan 
monohydrate which is the route of controversy, as dissenting nomenclature and presentation of the 
structure widely occurs in the literature. This is largely in part due to early crystal structure 
experiments which concluded that alloxan monohydrate existed as the hydrated triketo, geminal 
di-alcohol (gem-diol) form, known as 5,5`-dihydroxybarbituric acid, rather than the tetraketo 
alloxan form interacting noncovalently with a water molecule (Figure 4.1). Inspection of the 
sample preparation methods sheds light on the sttucture determined for alloxan monohydrate. 
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Separate studies by Singh and Harrowfield include recrystallization of alloxan monohydrate in 
water and could facilitate the hydration reaction of ketones, artificially forcing the alloxan 
monohydrate structure into the gem-diol form. While the formation of a gem-diol structure is 
possible, reversible hydration reactions of ketones are known; thus, these results are at odds with 
the mechanism presented in flavin synthesis (Scheme 4.1), where the C5 is depicted in the carbonyl 
form and not a diol in order to get the dual condensation necessary for isoalloxazine formation.  
 
Figure 4.1 Chemical structures of anhydrous alloxan, alloxan monohydrate and 5,5`-
dihydroxybarbituric acid. Alloxan atom numbering in shown in red. 
 
While many studies have investigated the structure, tautomeric transformations, electronic 
nature, reactivity, and metal coordination of alloxan monohydrate, there is much still unknown 
about the relationship between alloxan monohydrate and 5,5`-dihydroxybarbituric acid. Some 
recent studies by Allehyani et al. have investigated the structure(s) adopted by alloxan and water, 
and refute the findings of the crystal structure experiments.9–11 In one computational study, the 
authors rule out the possibility of the existence of the geminal diol structure based on the inability 
to locate a global maximum for the transition state stationary point of the hydration reaction. They 
concluded based on (trajectories) that alloxan monohydrate exists as a dipolar stacked complex in 
the solid phase (explaining the lack of an H-bonding network in the crystal structure experiments) 
and forms H-bonded complexes in a polar aqueous medium.10 The same research group later 
investigated the structure of alloxan monohydrate by studying the electronic structure 
computationally and experimentally; however, no clear indication was provided for the structure 
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of alloxan monohydrate.12 Kakkar et al., thoroughly investigated alloxan and minimally studied 
alloxan monohydrate and the available lactam-lactim tautomers. Here, the structure presented for 
alloxan monohydrate was the geminal diol and the authors conclude that the monohydrate is more 
stable than alloxan due to an increase in the HOMO-LUMO gap and lowered ability to accept 
electrons.13 On the basis of these aforementioned studies, an evaluation of the structure of alloxan 
monohydrate is still needed.  
Various complexes have been proposed for alloxan monohydrate; however, a 
comprehensive investigation of the reagent and the implications of the structure and reactivity 
within the synthesis of flavin materials is lacking in the literature. Therefore, this study presents 
insights into the structure of anhydrous alloxan, alloxan monohydrate, and the hydration product 
5,5`-dihydroxybarbituric acid by performing a conformation search and investigating the 
energetics of the hydration reaction of alloxan forming 5,5`-dihydroxybarbituric acid. 
Experimental results are presented for the solid-state and liquid-state structure of alloxan 
monohydrate and a discussion on the heating time during recrystallization is presented. Finally, 
possible implications the structure of alloxan monohydrate will have on the synthesis of flavins is 
discussed. Density functional theory (DFT) calculations were performed to probe energies of 
various alloxan monohydrate conformations and investigate the frontier molecular orbitals 
(FMOs) and charge distribution of alloxan. Thermodynamic and kinetic reaction dynamics for the 
alloxan hydration mechanism were also calculated. Steady state absorption, NMR and IR 
experiments were performed to determine the active structure of alloxan monohydrate. The results 
of this study will provide clarity for the use of alloxan monohydrate in many applications and help 





4.3.1 Materials  
All materials were used as received without further purification. 5,5`-dihydroxybarbituric acid 
(C5_gem-diol) was prepared by recrystallizing alloxan monohydrate (98%, Sigma Aldrich) in 
boiling water. White crystals were obtained upon cooling and filtering. Deuterated solvents, 
d-DMSO, D2O, d-AcOH, were obtained from commercial sources and used as is. A portion of d-
DMSO was dried with 4A Type 150 molecular sieves (Aldrich).  
4.3.2 Experimental Methods 
4.3.2.1 Recrystallization and Drying Methods  
A 1.00 gram sample of stock alloxan monohydrate was dissolved in the minimum amount 
of boiling solvent required to achieve complete dissolution (< 2 mL) before removal from the 
hotplate within 30 seconds. Upon removal from the hotplate, the sample was slowly cooled to 
room temperature and then put on an ice-bath to induce maximum crystallization before collecting 
via suction filtration and washing with two 1 mL portions of ice-cold water. 
After washing, the crystals were collected at four different levels of dryness to see how 
residual water could affect the results. An initial portion was sampled after allowing air to pass 
over the crystals for only five minutes post filtration/washing; these crystals are appropriately 
labeled the ‘-WET’ series. The second portion of crystals was sampled after allowing to air-dry on 
a watch glass for seven days and is referred to as the ‘-AIR’ series. Finally, two 50.0 mg portions 
of the sample were dried in a drying oven for 24 hours, one at 110° C and the other at 130° C to 
give the ‘-110’ and ‘-130’ series. Stock alloxan monohydrate was also subject to these different 
drying techniques for comparison. All samples were stored in sealed vials to prevent water 
migration to or from the sample before spectroscopic analysis. 
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4.3.2.2 Preparation of Anhydrous Alloxan 
 50.0 mg of alloxan monohydrate was heated in a round-bottom flask between 200-230° C 
under reduced pressure at ~ 0.2 Torr. After a few hours, sublimation had occurred and yellow 
crystals had formed on the sides and top walls of the roundbottom flask. The sample was continued 
to be heated at this reduced pressure for a full 24 hours before quickly collecting enough sample 
to prepare an NMR sample and to perform FTIR spectroscopy. The anhydrous crystals were 
exposed to air for < 5 minutes before IR collection and NMR sample preparation/collection. 
4.3.2.2 NMR Spectroscopy 
 1H and 13C NMR spectra were collected on a JEOL ECA-500MHz NMR. For the water-
recrystallization study, samples were prepared by dissolving 15.0 mg of sample in 0.5 mL d-
DMSO. A stock alloxan monohydrate sample (non-recrystallized) was also prepared in this 
manner. The 1H and 13C NMR spectra of stock alloxan monohydrate were also recorded in D2O 
(100 mg / 0.5 mL) and in deuterated acetic acid. For the d-AcOD sample, solubility was poor, and 
the sample was prepared by sonicating 15.0 mg of alloxan•H2O in 0.75 mL of solvent for 30 
minutes before filtering through a glass wool plug using a Pasteur pipette, and transferring to the 
NMR tube.   
4.3.3 Computational Methods  
All computations were performed using the Gaussian 09 software package.14 All 
geometries were optimized at Becke’s three-parameter hybrid functional with the Lee−Yang−Parr 
correlation functional (B3LYP) with the 6-31+G(d,p) basis set.15–17 The polarizable continuum 
solvation model (PCM) was employed for implicit solvation of water, acetic acid, and dimethyl 
sulfoxide (DMSO).18 Minimum energy structures where characterized by the absence of imaginary 
frequencies while the transition states were identified by the presence of one imaginary frequency. 
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Intrinsic reaction coordinate (IRC) calculations were performed to ensure the transition state 
connects the proper reactant and product wells. The time-dependent density functional theory (TD-
DFT) was employed for the calculation of vertical excitations. NMR isotropic values were 
computed as single points in implicit solvation of DMSO with the GIAO method at the B3LYP/6-
311+G(2d,p)// B3LYP/6-31+G(d,p) level of theory using the gas phase optimized structures. NMR 
slope and intercept scaling factors for proton and carbon NMR were obtained from the CHESHIRE 
CCAT website.19–21 The Natural Bond Orbital (NBO) program was used to calculate partial atomic 
charges and the frontier molecular orbitals.22,23  
4.4 Results and Discussion 
4.4.1 Conformational Search and Geometric Analysis 
The hygroscopic nature of anhydrous alloxan makes its use and handling difficult resulting 
in it being commercially unavailable and paving the way for the use of alloxan monohydrate, a 
much more common reagent. There is much discrepancy in the literature concerning the 
nomenclature, structure, and presumably the reactivity of alloxan monohydrate. This serves as the 
motivation to investigate the structure and reactivity of alloxan monohydrate computationally and 
experimentally and gain insight into potential avenues to improve the synthesis of flavins. The 
computational protocol was benchmarked by comparison of the computed structural parameters 
with experimental crystal structure. The experimentally determined crystal structures for 
anhydrous alloxan and C5_gem-diol are in excellent agreement with the computed structures for 
these molecules as seen in Table 4.1.24–27 Therefore, the computational methods used in this study 





Table 4.1 Geometric parameters calculated in the gas phase for anhydrous alloxan and C5_gem-














N1-C2 1.395 1.388 N1-C2-N3 115.6 117.4 
N3-C4 1.389 1.364 N1-C2-O2 122.2 121.3 
C4-C5 1.546 1.521 C2-N3-C4 128.3 126.2 
C2-O2 1.214 1.219 N3-C4-O4 122.8 123.4 
C4-O4 1.210 1.213 N3-C4-C5 114.8 116.2 
C5-O5 1.202 1.186 O4-C4-C5 122.5 120.3 
N1-H1 1.016 -- C4-C5-O5 120.9 121.1 
-- -- -- C4-C5-C6 118.3 117.8 











N1-C2 1.392 1.372 N1-C2-N3 115.3 117.2 
C2-N3 1.395 1.374 C2-N3-C4 127.0 125.9 
N3-C4 1.377 1.370 N3-C4-C5 116.7 117.2 
C4-C5 1.546 1.539 C4-C5-C6 115.1 113.9 
C5-C6 1.543 1.539 C5-C6-N1 115.9 116.3 
C6-N1 1.385 1.379 C6-N1-C2 128.2 126.7 
C5-O5a 1.387 1.389 C4-C5-O5a 109.2 111.3 
C5-O5b 1.412 1.394 C4-C5-O5b 104.5 103.1 
aCrystal structure data obtained from Bolton, W.; Acta Cryst. 1964, 17, 147-152. 
bCrystal structure data obtained from Singh, C.; Acta Cryst. 1965, 19, 759-767. 
 
To investigate the structure of alloxan monohydrate, a conformational search was 
performed on both covalent and noncovalent alloxan-water complexes in the gas phase and 
solution phase, to compute the lowest energy configuration. The alloxan monohydrate 
conformations investigated in this study are presented in Figure 4.2. Tautomeric structures of 
anhydrous alloxan and alloxan monohydrate (gem-diol form) have been investigated previously 
however, the tautomers were found to be much higher energy and insignificant amounts of the 
tautomers are proposed to form in solution.13,28,29 Therefore, only the tetraketo structure of alloxan 




Figure 4.2 Reaction of alloxan with water producing several potential conformations for alloxan 
monohydrate. HB refers to hydrogen bonded. Dipolar is a top down view. Refer to Figure 4.1 for 
atom numbering. 
 
Covalent conformations correspond to water attacking any of the three different ketones 
and forming the gem-diol at the C2 (C2_gem-diol), C4 (C4_gem-diol), and C5 (C5_gem-diol) 
positions, while the noncovalent geometries correspond to various hydrogen bonding of water at 
the N3, C2-N3, and C4-C5 positions, labeled as N3_HB, C2-N3_HB, and C4-C5_HB, 
respectively, forming alloxan-water complexes. Additionally, a dipolar alloxan-water interaction 
was studied as it has been previously proposed as the solid-state form of alloxan monohydrate. 
The free energies of the conformations were analyzed by comparison to the free energy of reactants 
(anhydrous alloxan + water). The relative energies in the gas phase and with implicit solvation of 








Table 4.2 Relative free energies of alloxan monohydrate conformations compared to alloxan and 
water. Energies were computed using B3LYP/6-31+G(d,p) and the energies are presented in 
kcal/mol.  
System Relative Energy 
 (Gas Phase) 
Relative Energy  
(Watera) 
Relative Energy  
(Acetic Acidb) 
Alloxan + H2O  0.0 0.0 0.0 
C5_gem-diol -1.6 5.0 3.7 
C4_gem-diol 11.7 17.5 16.5 
C2_gem-diol 25.9 27.0 27.2 
N3_HB 0.8 3.2c 2.6c 
C2-N3_HB 1.0 3.3c 2.6c 
C4-C5_HB 4.1 5.9 5.3 
Dipole 2.6 6.3 5.7 
 aEpsilon for water is ε=78.23 
 bEpsilon for acetic acid is ε=6.25 
 cGeometry is different in solvation compared to gas phase. 
 
The C5_gem-diol structure was computed to be the lowest energy conformer, -1.6 
kcal/mol, in the gas phase. The noncovalent interactions from the H-bonded complexes were 
determined to be the next lowest energy where the N3_HB and C2-N3_HB hydrogen bonded 
geometries are within 0.2 kcal/mol of each other. The incorporation of implicit solvation changes 
the trend of lowest energy geometry. In both solvation of water and acetic acid, the N3_HB and 
C2-N3_HB structures become the lowest energy conformers followed by the C5_gem-diol 
structure. These results indicates that the hydrogen bonded structures are favored in polar liquid 
phase while the C5_gem-diol is favored in the gas phase. Further, inspection of the calculated 
dipole moment (Table 4.S1) confirms that the alloxan-water complexes should be more favorable 
in the presence of polar solvation than the C5_gem-diol as the C5_gem-diol has the lowest 
magnitude dipole moment indicating it is the least favorable in polar solvents compared to the 
noncovalent alloxan-water complexes. Allehyani et al. concluded the structure of alloxan 
monohydrate in the liquid phase to be a hydrogen bonded complex, however they concluded the 
C5_gem-diol does not exist on the basis of not being able to optimize the structure.10 In contrast, 
our calculations show that the C5_gem-diol is possible and energetically favorable in the gas 
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phase. In fact, we propose that the gas phase calculations may provide a more realistic picture for 
the stability of the alloxan monohydrate conformations than the implicit solvation model, 
especially for C5_gem-diol in water, where it would be likely for a single water molecule to form 
an explicit H-bonded network with the diol, as has been shown the case for the related compound 
ninhydrin.30 However this could lead to some error and requires further investigations into the 
explicit solvation sphere of alloxan monohydrate, but in any case, the possibility of the C5_gem-
diol cannot be ruled out. In all environments, the dipolar conformer is higher in energy than the 
discussed hydrogen bonded complexes and the C5_gem-diol indicating this dipolar interaction in 
not likely in these states. However, Allehyani et al. proposed the dipolar structure to be favorable 
in the solid state which will be the topic of future work. Finally, the formation of geminal diols at 
the C2 and C4 carbonyls can be ruled out as the energies are much higher than all other 
conformations. Furthermore, it is obviously still unclear which form(s) alloxan monohydrate 
adopts in both the solid and liquid states. 
4.4.2 Hydration Reaction Thermodynamics and Kinetics 
 The reaction energetics for the hydration of the C5 carbonyl group of alloxan were 
investigated in the gas phase as well as with separate implicit solvation of water and acetic acid to 
determine the reactivity of the C5 carbonyl of tetraketo alloxan towards hydration. Water was used 
since alloxan monohydrate is most commonly used in aqueous environments and acetic acid 
(AcOH) was used as most typical flavin synthetic protocols use acetic acid as the solvent during 
the isoalloxazine ring formation step. Additionally, as previously reported, alloxan monohydrate 
is purified by recrystallization in either water or acetic acid so the hydration reaction and formation 
of the C5_gem-diol under these conditions is relevant. In addition to implicit solvation, water 
mediated, and AcOH mediated proton transfer mechanisms were investigated in the gas phase, and 
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with implicit solvation of water and acetic acid. The hydration reaction scheme for alloxan is 
presented in Figure 4.3 and is comprised of tetraketo alloxan and water as the reactant complex 
(RC), formation of a four-member transition state (TS), and production of the C5_gem-diol 
product. The TS changes from a four-member ring to six-member ring or an eight-member ring 
when water or acetic acid assists the proton transfer in the TS, respectively. Representations of the 
un-assisted, water-assisted, and AcOH-assisted hydration TS are presented in Figure 4.3. 
 
Figure 4.3 Reaction scheme for the hydration of tetraketo alloxan at the C5 carbonyl position and 
representation of the alloxan hydration transition states through un-assisted, water and acetic acid 
assisted mechanisms. Atom colors are as follows; carbon is grey, oxygen is red, nitrogen is blue 





Figure 4.4 Potential energy surface for gas-phase hydration of alloxan through un-assisted, H2O-
assisted, and AcOH-assisted transition states. All energies are free energies computed at the 
B3LYP/6-31+G(d,p) level of theory and presented in kcal/mol.  
 
The potential energy surface for the three assisted hydration mechanisms calculated in the 
gas phase is presented in Figure 4.4, where the energies of the transition states and product wells 
are normalized to the RC. The un-assisted hydration mechanism was determined to have the largest 
energy barrier of 39.6 kcal/mol. The second highest energy barrier of 23.1 kcal/mol corresponds 
to water assisted TS, and the lowest hydration energy barrier of 12.5 kcal/mol was calculated for 
the acetic acid assisted mechanism. Moreover, the same trend is observed when implicit solvation 
of water or acetic acid is used with small changes in the TS energy barrier and C5_gem-diol 
product energy, as shown in Table 4.3. The conversion of tetraketo alloxan to the C5_gem-diol 
alloxan monohydrate is unlikely to occur in the un-assisted mechanism unless high temperatures 
are used to overcome the large energy barrier for oxygen attack and proton transfer. The TS energy 
barriers are more feasible when water or acetic acid assists in the proton transfer step of the 
transition state providing evidence for the formation of the C5_gem-diol. Furthermore, if alloxan 
monohydrate were recrystallized in these solvents, as previously reported, or if water or acetic acid 
117 
 
are used as solvents for alloxan monohydrate then the conversion to the C5_gem-diol is much 
more likely to occur and must be considered.  
Table 4.3 Reaction energetics for the alloxan hydration reaction with implicit solvation of water 
and acetic acid for the three assisted transition states. All energies are free energies computed at 












Un-assisted 39.8 -1.6 
H2O-assisted 21.8 -2.6 




Un-assisted 39.8 -2.1 
H2O-assisted 22.3 -3.2 
AcOH-assisted 13.2 -3.9 
 
 Furthermore, evidence for the formation of the C5_gem-diol can be assessed from 
ninhydrin, a triketone compound with similar chemical reactivity as alloxan. Bowden and Rumpal 
experimentally determined that the hydration of ninhydrin occurs with two water molecules 
present in the transition state.30 One water molecule attacks the carbonyl while the second assists 
with the proton transfer mechanism. They concluded that the carbonyl group on ninhydrin is 
almost completely hydrated (>98%) in solutions containing water. The reaction energetics for the 
hydration of ninhydrin were also investigated for comparison with alloxan hydration reaction. As 
shown in Figure 4.S1, the energy barriers calculated for the hydration of ninhydrin with un-
assisted, water assisted, and acetic acid assisted proton transfer mechanisms are very similar to 
alloxan. Therefore, like ninhydrin, the hydration of alloxan in water may be expected to be a two-
water mechanism, and in aqueous solution alloxan may exist almost completely in the C5_gem-
diol structure. To further probe the structure of alloxan monohydrate, steady state 1H and 13C NMR 





4.4.3 Alloxan Monohydrate in the Liquid Phase 
 The 1H and 13C NMR spectra of stock alloxan monohydrate were recorded in the polar 
aprotic solvent, d-DMSO, to further investigate the structure of alloxan monohydrate in the 
solution phase experimentally. The spectra for stock alloxan monohydrate are presented in Figure 
4.5. The 1H NMR contains three distinct singlet peaks at 7.54, 11.23, and 11.60 ppm that are not 
attributable to solvent (2.47 ppm) or residual water (3.34 ppm). Interestingly, the 13C NMR shows 
six different carbon environments present. As alloxan contains only four carbon atoms, it is clear 
there must be multiple species present. 
Alloxan monohydrate was recrystallized in water and dried to varying degrees to 
investigate the presence of multiple species and decipher the NMR spectra of the stock alloxan 
monohydrate. It is clear from the 1H and 13C NMR spectra (Figure 4.S2-5) of the recrystallized 
alloxan monohydrate, that recrystallization in water did not cause any reactions to occur, and that 
these collected crystals are chemically equivalent to stock alloxan monohydrate. However, there 
are some differences in the spectra of the recrystallized alloxan monohydrate. Figure 4.6 shows 
the four stacked 1H NMR spectra for the different levels of dried recrystallized crystals in d-
DMSO, along with integration values underneath relevant peaks, and the ratio of water to residual 
solvent signal in parentheses. It can be seen from the water:DMSO ratios that higher levels of 
drying leads to less water in the system, as expected. More importantly however, is the fact that 
the integration ratios of the peaks at 11.23 and 7.54 ppm are coupled (always 1:1), while the ratio 
of the peak at 11.60 ppm changes in relation to these two. This gives strong evidence that there 
must be two different species in solution which gives rise to the stock alloxan monohydrate NMR 











Figure 4.6 1H NMR/500 MHz spectra for the four drying conditions of the recrystallized alloxan 
monohydrate measured in d-DMSO. Integration values are shown under the corresponding peaks. 
The calculated ratio of water to residual solvent signal in shown in parentheses for each condition. 
 
 Furthermore, knowing two different species are present in the stock alloxan monohydrate 
allows for the deciphering of the 13C NMR data, where the six distinct peaks were observed. 
Specifically, there are five deshielded carbon environments in the typical carbonyl range between 
150 and 170 ppm, and one relatively shielded carbon environment at ~85 ppm. We propose that 
an equilibrium concentration exists between the tetraketo alloxan form and the C5_gem-diol form 
of alloxan monohydrate exists in the liquid state, accounting for all the peaks present in the NMR 
spectra. In the 13C NMR, three of the five signals in the carbonyl region arise from the three 
equivalent carbon environments of the tetraketo form, while the last two in this region arise from 
the C2 and C4/6 positions of the C5_gem-diol. The peak at 85.50 ppm must be from the C5 of the 
gem-diol, as this level of shielding is certainly not indicative of a carbonyl carbon, but rather this 
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value is similar to other reported gem-diol 13C peaks.31 For the 1H NMR spectrum, the equivalent 
tetraketo alloxan NH protons produce the peak at 11.60 ppm, while the equivalent C5_gem-diol 
amine protons show up at 11.23 ppm and the equivalent diol protons at 7.54 ppm. These 
assignments further support why in Figure 4.6 increased drying (water removal) from the 
recrystallized AM sample increases the relative ratio of tetraketo alloxan compared to the 
hydration product, the C5_gem-diol. As drying removes the hydrates stabilizing the covalently 
bond water causing a shift in equilibrium back to the tetraketo alloxan structure. Figure 4.7 shows 
the two presumed structures to be present in solution, as well as the relevant proton and carbon 
shifts in d-DMSO.   
 
Figure 4.7 The structures adopted by alloxan monohydrate in d-DMSO, along with the 
experimentally determined proton shifts (red) and carbon shifts (black) in ppm. 
 
 To further confirm this hypothesis, anhydrous alloxan was prepared by heating alloxan 
monohydrate to high temperatures under reduced pressure, and the 1H and 13C NMR spectra were 
collected in d-DMSO which was dried overnight with 4Å molecular sieves.24,25 The spectra are 
presented in Figure 4.8, and the results are further proof of the above NMR assignments. As seen 
in the proton NMR, the C5_gem-diol peaks at 11.22 and 7.53 ppm are significantly reduced, and 
the NH peak of tetraketo alloxan at 11.59 ppm becomes dominant. It is assumed trace amounts of 
the C5_gem-diol (< 2% based on 1H integration) is present due to the trace amounts of water which 
the 4Å molecular sieves do not completely remove from the d-DMSO, and to trace amounts water 
which the sample likely absorbed from the atmosphere in the short time after exposure to air before 
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collecting the spectra. Additionally, only three peaks remain in the 13C NMR of the anhydrous 
alloxan at 150.52, 157.09, and 167.44 ppm which are at the same chemical shifts observed in the 
stock alloxan monohydrate spectrum, proving that the tetraketo alloxan form gives rise to only 
these aforementioned carbon peaks. The additional carbon signals at 85.50, 150.36, 169.52 ppm 
as well as the proton resonances at 11.23 and 7.54 ppm, must be from a different chemical structure 
– the C5_gem-diol. 
 These experimental conclusions are at odds with what has recently been reported, where 
although the 1D 1H NMR data was similar, only the H-bonded water-tetraketo alloxan structure 
was proposed.12 The authors proposed that the water H-bonded with alloxan produces its own 
distinctive water peak, and also causes splitting of the NH protons by breaking their electronic 
degeneracy. We argue this should not be the case, and that the NMR misassignment stems from 
these ideas on water’s role in the NMR. Rather, we propose that water molecules forming H-bonds 
with tetraketo alloxan are likely to be rapidly exchanging in solution, especially since the molecule 
is symmetrical; for example, in Figure 4.2, N3_HB can just as easily H-bond with a water molecule 
in the N1 position, as it takes the same energy to do this. While in practice this may broaden the 
NH peaks, it certainly would not split these protons. Thus, as proven in Figure 4.6 and 4.8, different 
species are responsible for the 1H NMR peaks at 11.23 and 11.60 ppm. Finally, we propose that 
residual water (H-bonded to alloxan or not) would not show up as its own distinct 1H NMR peak, 
and instead would just add magnitude to the residual water peak at 3.34 ppm, just as we see in 




Figure 4.8 a) 1H and b) 13C NMR/500 MHz spectrum of anhydrous alloxan monohydrate measured 
in dried d-DMSO. 
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To further gain confidence in the NMR assignments, DFT calculations were performed to 
predict the carbon and proton NMR spectra of both the tetraketo alloxan structure and the C5_gem-
diol product. Results are presented in Table 4.4, and the trends verify the assignments made. The 
NH protons of the tetraketo alloxan form are predicted to show up slightly downfield of the 
C5_gem-diol, just as we see in 1H NMR. In 13C NMR, the tallest peak is likely to be from the most 
abundant carbon environment, which in this case would be the C4/C6 carbons of the C5_gem-diol; 
these carbon centers were indeed calculated to be the most downfield at ~165 ppm. The C2 carbon 
of both the tetraketo alloxan and C5_gem-diol are predicted to be very similar (~145 ppm), which 
are observed experimentally at 150.52 and 150.36 ppm respectively. The last peak for the C5_gem-
diol is the C5 carbon at 85.50 ppm which was computationally confirmed at 85.45 ppm. The final 
two peaks of the tetraketo alloxan structure at 167.41 ppm and 157.10 ppm are assigned to the C5 
and C4/C6 carbons, which again matches well with the predicted values of 168.75 and 150.25 
ppm, repsectively. Thus, based on Figure 4.5a, it can be concluded that in solution, at room 
temperature, stock alloxan monohydrate is in equilibrium with a ratio of tetraketo alloxan to the 
C5_gem-diol of approximately 31% tetraketo and 69% gem-diol in d-DMSO. 
Table 4.4 Calculated 1H and 13C NMR shifts, presented in ppm, for the tetraketo alloxan and 
C5_gem-diol structures. Isotropic values were calculated at the scrf-B3LYP/6-311+G(2d,p)// 
B3LYP/6-31+G(d,p) level of theory, with implicit solvation of DMSO. 
Alloxan Structure Atom Tetraketo alloxan C5_gem-diol 
1H NMR 
H1 7.51 6.98 
H5 7.51 7.06 
OH5a N/A 3.00 
OH5b N/A 3.73 
13C NMR 
C2 145.27 145.54 
C4 150.25 166.23 
C5 168.75 85.45 




The structure adopted by alloxan monohydrate in solution was also tested in the protic 
solvents, deuterated water and deuterated acetic acid. Theoretical calculations predicted that these 
two solvents should lower the barriers of C5 hydration, and thus could alter the equilibrium ratio 
of gem-diol present. This hypothesis was confirmed, where only one species – the C5_gem-diol – 
is detectable by both 1H and 13C NMR for both solvents. Figure 4.9 shows the proton and carbon 
NMR spectra of stock alloxan monohydrate dissolved in D2O. In the proton NMR, only one weak 
peak is detected at 10.95 ppm, as the strong absorption at ~ 4.6 ppm is from solvent, and a slight 
impurity accounts for the peak around 2 ppm. The reason why the NH peak at 10.95 ppm is so 
weak is likely due to proton-deuterium exchange, which is expected to happen rapidly for amino 
and alcoholic protons in these types of environments. In fact, it seems that the -OH protons of the 
geminal diol exchange so rapidly with deuterium in D2O, that these protons do not appear in the 
1H NMR. Instead, evidence of the gem-diol structure can be seen in the 13C NMR spectrum, where 
three distinct peaks arise. Of these, the peaks at 169.24 and 150.44 ppm represent the C4/C6 and 
C2 carbonyl carbon environments, while the peak at 84.90 ppm represents the C5 hydrated geminal 
diol carbon environment. 
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Figure 4.9 a) 1H and b) 13C NMR/500 MHz spectrum of alloxan monohydrate measured in D2O. 
 
Similar results for stock alloxan monohydrate were obtained in deuterated acetic acid as 
shown in Figure 4.S6. Several peaks were observed at lower ppm (< 3) and assumed to arise from 
d-AcOD breakdown caused by sonication during sample preparation. The strong peaks around 
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11.5 and 2.0 ppm are attributed to the solvent, leaving only a weak peak at 10.35 ppm which is 
assigned to the C5_gem-diol equivalent NH protons. This assignment is further supported by the 
13C NMR spectrum, which again shows two peaks in the carbonyl region at 149.83 and 168.62 
ppm corresponding to the C2 and C4/C6 carbon environments, respectively, and a final peak at 
85.08 ppm which is attributed to the C5 of the gem-diol. 
 Thus, in the liquid phase, it is clear that stock alloxan monohydrate adopts the C5_gem-
diol to varying degrees depending on conditions. In protic solvents (D2O and d-AcOD), only the 
C5_gem-diol is detectable by proton and carbon NMR, though it cannot be fully ruled out that 
trace amounts of the tetraketo alloxan form may still be present. In aprotic d-DMSO, the tetraketo 
form of alloxan is in equilibrium with the majority favoring the C5_gem-diol form, and the 
stoichiometric ratio between these two forms can be affected by experimental conditions such as 
sample and solvent dryness.  
4.4.4 Implication of Alloxan Monohydrate in the Flavin Synthesis 
With the structure of alloxan monohydrate understood in the solution phase, and the 
relationship between tetraketo alloxan monohydrate and the C5_gem-diol has been investigated, 
the reactivity of the two reagents were studied in terms of the acid catalyzed condensation 
mechanism for the synthesis of flavins. The reactivity of the structures of alloxan monohydrate 
were studied in two parts, firstly, the propensity for protonation of the oxygen functional groups 
of the alloxan monohydrate structures was investigated, and secondly, the reactivity of the C5 
carbonyl towards nucleophilic attack in terms of both the attack of water (hydration reaction) and 
the attack of the amine from o-phenylenediamine (isoalloxazine formation, Scheme 4.1) was 
investigated computationally.  
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The proposed flavin mechanism is initiated by acid protonation of the C5 carbonyl of the 
tetraketone structure of alloxan.8,32 Two assumptions must be made when considering the 
condensation mechanism. Firstly, the primary amine of the o-phenylenediamine precursor must 
attack the C5 carbon of alloxan monohydrate. The primary amine is perceived to be slightly more 
reactive than the secondary amine and in order to form the isoalloxazine structure instead of the 
isomeric alloxazine structure, the primary amine would need to attack the C5 position before the 
secondary amine. This assumption relies on the electronic structure of the o-phenylenediamine 
precursor and will not be studied further in this chapter, however, will be the focus of future work. 
The second assumption is that in order to drive the reaction forward, electrophilic activation of the 
C5 position of alloxan monohydrate must occur to ensure attack from the primary amine. 
Therefore, in terms of the acid catalyzed mechanism, protonation of the C5 carbonyl must occur 
to activate the C5 position and to drive the reaction towards the correct product (isoalloxazine). 
To access the likelihood of protonation of the C5 carbonyl, we investigated the partial atomic 
charges and the frontier molecular orbitals (FMOs) of the tetraketone alloxan and C5_gem-diol 
structures. 
Partial atomic charges were computed for anhydrous alloxan and alloxan monohydrate 
structures using a Natural Bond Orbital (NBO) analysis and are presented in Table 4.5. For 
anhydrous alloxan and all alloxan monohydrate noncovalent complexes, the C2 carbon contains 
the most positive charge which is expected as it is located between three electronegative atoms 
and the O2 oxygen contains the most negative charge of the oxygen atoms (omitting the charge of 
oxygen in water). The C4/C6 and O4/O6 are the next most positive and negative charged atoms, 
respectively, with the C5 carbon containing the lowest positive charge and the O5 containing the 
lowest negative charge of all the carbonyl units. The charge on the C5 carbonyl presumably stems 
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from the proximity to the electronegative nitrogen atoms and the alpha C4/C6 ketones being 
moderate electron withdrawing groups. The H-bonded interaction in the N3 and C2-N3 H-bonded 
complexes has subtle effects on the charges of the atoms involved, however the overall trend on 
the carbonyls remains the same. The dipolar alloxan monohydrate contains a larger negative 
charge on the O5 than the anhydrous alloxan and H-bonded alloxan monohydrate structures due 
to the electrostatic interaction of water molecule. However, the increase in electron density is not 
sufficient to change the trend on the carbonyl charge. In acidic conditions, the most negative 
oxygen is expected to become protonated based on chemical intuition that the position of highest 
electron density will attract the positive proton. Based on this assumption, the C2 carbonyl is the 
most likely position to become protonated in the anhydrous alloxan and noncovalent alloxan 
monohydrate complexes. This result is contrary to the acid catalyzed condensation mechanism as 
the C2 carbonyl does not participate in the formation of isoalloxazine.  
Analysis of the partial atomic charges for the C5_gem-diol indicate a different trend in 
carbonyl reactivity towards protonation. For the C5_gem-diol, the alcohol oxygen at the C5 
position are the most negative (-0.749 and -0.740), followed by the O2 oxygen, and lastly the 
O4/O6 oxygen. Due to the previous assumption, one of the alcohol groups at the C5 position is 
most likely to become protonated when exposed to acidic conditions. The protonation of an alcohol 
group would readily expel water forming the cationic alloxan electrophile. The computed partial 
atomic charges do not provide chemical insight into the reactivity of the C5 carbonyl group of 
anhydrous alloxan or alloxan monohydrate hydrogen bonded and dipolar complexes towards the 
flavin synthesis. However, the charges calculated for C5_gem-diol directly support the reactivity 
of the C5 carbonyl towards protonation and activation of the electrophilic alloxan cation needed 
for formation of the isoalloxazine ring.  
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Table 4.5 NBO partial atomic charges for the heavy atoms of anhydrous alloxan and C5_gem-diol. 




C5_gem-diol N3_HB C2-N3_HB Dipolar 
N1 -0.687 -0.687 -0.687 -0.684 -0.683 
C2 0.818 0.825 0.820 0.827 0.827 
O2 -0.574 -0.582 -0.570 -0.616 -0.583 
N3 -0.687 -0.682 -0.688 -0.693 -0.684 
C4 0.599 0.676 0.606 0.599 0.613 
O4 -0.511 -0.569 -0.555 -0.510 -0.533 
C5 0.409 0.408 0.412 0.409 0.426 
O5 -0.401 -0.749/-0.740 -0.405 -0.405 -0.429 
C6 0.599 0.670 0.599 0.600 0.613 
O6 -0.511 -0.558 -0.516 -0.514 -0.533 
H2O -- -- -1.029 -1.026 -1.013 
 
 The results of the partial atomic charges were further investigated by calculating the free 
energies of isodesmic reactions for the protonation of the three unique carbonyl groups (C2, C4, 
and C5) to determine the most stable protonated form of alloxan, i.e. most favorable electrophile. 
The isodesmic reaction was calculated according to the following equation, 𝐴𝑙𝑙𝑜𝑥𝑎𝑛 + 𝐻3𝑂+ → 𝐴𝑙𝑙𝑜𝑥𝑎𝑛𝐻+ + 𝐻2𝑂 
where alloxan and alloxanH+ correspond to the neutral and protonated tetraketo alloxan structures, 
respectively. Hess’s Law was used to calculate the free energies of alloxanH+ and the energy 
difference between the three protonated carbonyl forms allows for the different protonation sites 
to be compared. Table 4.6 shows the free energy for the protonation of the three carbonyl groups 
by hydronium ion producing the protonated alloxan. The stability of the resulting protonated 
alloxan follows the trend C2 > C4/C6 > C5 which is in agreement with the trend of negative charge 
on the oxygen atoms. Thus, if alloxan were to be protonated in solution, it is likely that the 




Table 4.6 Free energy for the formation of protonated alloxan via isodesmic reactions of alloxan 
with hydronium ion. The energies are presented in kcal/mol and calculated at the B3LYP/6-
31+G(d,p) level of theory. 





 To further probe the reactivity of alloxan and C5_gem-diol, the HOMO and LUMO orbitals 
were computed for both the tetraketo alloxan and C5_gem-diol structures and water. The frontier 
molecular orbitals (FMOs) are presented in Figure 4.10. In the hydration of alloxan forming the 
C5_gem-diol, alloxan serves as the electrophile and water as the nucleophile. It is therefore prudent 
to examine the orbital interaction and orbital energy difference between the HOMO of the 
nucleophile and the LUMO of the electrophile to determine if these two states can react. The 
HOMO of water is centered, as expected, over the oxygen atom due to the contribution of the lone 
pair electrons. The LUMO of alloxan is centered primarily over the C5 carbonyl group with minor 
contributions from the adjacent C4 and C6 carbonyl groups. The FMOs indicate that if water were 
to attack alloxan, then the most likely position for nucleophilic attack would be at the C5 carbonyl 
unit as this is the primary location of the LUMO. In addition, based on the alpha and beta orbitals 






Figure 4.10. A) HOMO and B) LUMO of alloxan. C) HOMO of water. D) HOMO and E) LUMO 
of C5_gem-diol. Isosurfaces were prepared with and isoval = 0.1 and calculated at the B3LYP/6-
31+G(d,p) level of theory. 
 
The FMOs of water and alloxan, and the reaction profile for the hydration of the C5 carbonyl 
group can be further probed by identifying the individual atoms with the most contribution to the 
HOMO and LUMO orbitals. The hydration will occur such that the largest orbital components 
react with one another, providing the best overlap during the reaction and lowering the energy of 
the transition state. The greatest contribution to the HOMO of water is oxygen, as expected, with 
an absolute HOMO orbital coefficient of 1.54. The greatest contribution for the LUMO of alloxan 
is on the C5 carbonyl group with large coefficients from both the carbon and oxygen atoms, 0.817 
and 0.815, respectively, as shown in Table 4.7. These results further indicate that the most likely 
position for nucleophilic attack will be the C5 carbonyl group of alloxan. In terms of the C5_gem-




diol, the LUMO indicates that the other carbonyl groups (C2, C4/C6) will be attacked by a 
nucleophile rather than the C5 position. 
Table 4.7 Summed, absolute coefficients contributing to the LUMO orbital of alloxan for all heavy 
















In terms of the acid catalyzed mechanism, the structure of alloxan monohydrate needed to 
drive the reaction toward isoalloxazine ring formation is the C5_gem-diol. This supports the 
current synthetic method as alloxan monohydrate is not recrystallized or dried before the reaction 
and based on the results from our liquid-state NMR experiments performed in D2O and d-AcOD, 
the primary structure of alloxan in the C5_gem-diol. However, there is likely some amount of 
tetraketone alloxan present which could support side product formation if the C2 or C4/C6 
carbonyls react with the amines of the o-phenylenediamine. Interestingly, the LUMO orbitals for 
the tetraketo alloxan are centered on the C5 carbonyl resulting in the ability to undergo the 
hydration reaction, however this also indicates that acid catalysis might not be needed to drive the 
reaction. This is further supported by literature on ninhydrin and alloxan reactivity with amines. 
Ninhydrin reacts with primary and secondary amines producing Ruhemann’s Purple, and the 
mechanism proposes the amine reacts with the C5 carbonyl.33 A similar reaction occurs for alloxan 
forming murexide.34 Therefore, it is difficult to interpret what the mechanism is for isoalloxazine 
formation. However, we propose that due to the higher concentration of C5_gem-diol present in 
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solution that the acid catalyzed mechanism is still driving the reaction as shown in Scheme 4.2 
rather than the amine attacking the C5 carbonyl of the unprotonated tetraketo alloxan or acid 
catalyzed protonation of the tetraketo alloxan. However, further investigation is needed to confirm 
the energetics of the nucleophilic attack of the primary amine to rule out direct attack of the C5 
carbonyl. We conclude that the acid catalyzed condensation of the tetraketone, which was 
previously proposed as the mechanism, is not the appropriate mechanism but rather the acid 
catalyzed condensation of the C5_gem-diol, as shown in Scheme 4.2, is the correct mechanism 
based on the protonation and stability of the various electrophiles presented in this study.  
 
Scheme 4.2 Proposed mechanism for the isoalloxazine formation stemming from the C5_gem-diol 
structure of alloxan monohydrate. 
 
4.5 Conclusion 
The structure, reactivity, and implications of alloxan monohydrate have been investigated 
computationally and experimentally, to further understand the isoalloxazine ring formation during 
the flavin synthesis. We have performed DFT calculations and liquid phase 1H and 13C NMR and 
determined that the structure of alloxan monohydrate in the solution phase is the hydration reaction 
product, C5_gem-diol. Additionally, the ratio of tetraketo alloxan to C5_gem-diol was 
manipulated with varying drying conditions in the polar aprotic solvent, DMSO. However, in the 
polar protic solvents, water and acetic acid, only the C5_gem-diol structure was observed. In terms 
of the flavin synthesis, previous literature has never considered the possibility of the gem-diol 
structure for alloxan monohydrate so the reactivity of C5_gem-diol was studied in terms of the 
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flavin isoalloxazine ring formation. Analysis of the partial atomic charges and FMOs for tetraketo 
and C5_gem-diol structures of alloxan monohydrate indicated that the isoalloxazine ring formation 
reaction could occur one of two ways, 1) acid protonation of the alcohol on C5_gem-diol activating 
the C5 position towards nucleophilic attack, or 2) direct nucleophilic attack by an amine of the C5 
carbonyl on the tetraketon alloxan structure. Due to the much higher concentration of the C5_gem-
diol determined in the NMR experiments; we conclude that the mechanism for flavin synthesis 
must proceed through protonation of the C5_gem-diol. Further insight into improving the flavin 
synthetic mechanism will be gained by elucidating the underlying chemistry governing the 
isoalloxazine ring formation in future directions of this work. 
4.6 Supporting Information 
Table 4.S1 Dipole moment (presented in Debye) of the alloxan-water conformations in gas 
phase, and implicit solvation of water and acetic acid, calculated at the B3LYP/6-31+G(d,p) 









C5_gem-diol 0.4871 0.8942 0.7763 
N3_HB 3.1284 6.2354 6.1497 
C2-N3_HB 4.9187 6.4863 6.1807 
C4-C5_HB 5.3109 6.3506 6.2344 







Figure 4.S1 A) Chemical structure of ninhydrin and hydration reaction scheme forming ninhydrin 
hydrate. B) Potential energy surface of the hydration of ninhydrin with un-assisted, water, and 
acetic acid assisted transition state. Transition state geometries are analogous with geometries for 
alloxan presented in Figure 3. All energies are free energies computed at the B3LYP/6-31+G(d,p) 
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5.1 Abstract 
We have determined the identity of the complexes extracted into the ALSEP process 
solvent from solutions of nitric acid. The ALSEP process is a new solvent extraction separation 
designed to separate americium and curium from trivalent lanthanides in irradiated nuclear fuel. 
ALSEP employs mixture of two extractants, 2-ethylhexyl phosphonic acid mono-2-ethylhexyl 
ester (HEH[EHP]) and N,N,N’,N’-tetra(2-ethylhexyl)diglycolamide (TEHDGA) in n-dodecane, 
which makes it difficult to ascertain the nature of the extracted metal complexes.  It is often 
asserted that the weak acid extractant HEH[EHP] does not participate in the extracted complex 
under ALSEP extraction conditions (2 – 4 M HNO3). However, analysis of the Am extraction 
equilibria, Nd absorption spectra and Eu fluorescence emission spectra of metal-loaded organic 
phases argues for participation of HEH[EHP] in the extracted complex despite the high acidity of 
the aqueous phases. The extracted complex was determined to contain fully protonated molecules  
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of HEH[EHP] with an overall stoichiometry of M(TEHDGA)2(HEH[EHP])2∙3NO3. Computations 
also demonstrate that replacing one TEHDGA molecule with one (HEH[EHP])2 dimer is likely 
energetically favorable compared to Eu(TEHDGA)3∙3NO3 whether the HEH[EHP] dimer is 
monodentate or bidentate.     
5.2 Introduction 
Implementation of advanced nuclear fuel cycles is critical to plans for sustainable use of 
nuclear energy. Proposed closed nuclear fuel cycles based on partitioning and transmutation will 
recycle uranium and plutonium from used nuclear fuel and then separate and transmute minor 
actinide elements to short-lived nuclides in fast reactors. The separation and recycle of uranium 
and plutonium by the Plutonium Uranium Reduction EXtraction (PUREX) process is well studied; 
but efficient chemical separation of the trivalent minor actinides americium and curium from the 
lanthanide-rich matrix the PUREX process leaves behind is difficult due to the physical and 
chemical similarities of the trivalent lanthanide (Ln) and actinide (An) ions.1,2  
In the past 60 years, a number of solvent extraction systems for actinide-lanthanide 
separations have been proposed.3–9 Recently, a three-step solvent extraction separation, the ALSEP 
(Actinide Lanthanide SEParation) process, has been proposed to simplify isolation of americium 
and curium from the lanthanides. In ALSEP the An(III) and Ln(III) cations are extracted together 
from aqueous nitric acid solutions into an n-dodecane organic phase containing two potential 
ligands, an acidic dialkylorganophosphorus extractant and a neutral diglycolamide extractant.10,11 
Although several ALSEP formulations have been considered, the most effective formulation uses 
a mixture of the extractants 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (HEH[EHP]) 
and N,N,N’,N’-tetra(2-ethylhexyl)diglycolamide (TEHDGA) in n-dodecane (Figure 5.1).12 
Following extraction of the trivalent lanthanide and actinide cations from ca. 3 M HNO3, the 
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organic phase is contacted with a scrub solution to adjust the acidity and remove minor impurities. 
Then, the americium and curium are selectively stripped from the scrubbed organic phase by the 
addition of a polyaminocarboxylic acid such as diethylenetriaminepentaacetic acid (DTPA) or N-
(2-hydroxyethyl)ethylenediaminetriacetic acid (HEDTA) to the aqueous phase. The ALSEP 
process greatly simplifies the separation of trivalent actinides by combining the partitioning of 
trivalent f-elements and the An/Ln separation processes into a single separation cycle, allowing 
direct use of PUREX raffinate solutions, exhibiting fast extraction rates, and performing robustly 
under a broad range of process conditions.13,14   
 
Figure 5.1 Chemical structures for (A) 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester 
(HEH[EHP]) and (B) N,N,N’,N’-tetra(2-ethylhexyl) diglycolamide (TEHDGA), the two 
extractants used in combination in the ALSEP organic phase. Structures of additional extractants 
used in the computational analyses of this study and in related liquid-liquid extraction processes 
are presented in Figure 5.S1. 
 
Our research aims to develop a kinetic model of the processes that underlie americium and 
curium stripping in ALSEP but probing the kinetics of this complex multi-extractant system 
requires an understanding of the metal complexes present in the bulk phases at equilibrium. This 
work begins that process by dissecting the speciation of the organic phase metal complexes in the 
ALSEP extraction step. 
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The complexes formed in solutions containing only a diglycolamide or an acidic 
dialkylorganophosphorus extractant have been studied extensively,12,15–29 but only a few published 
works have investigated the bulk phase chemical speciation of trivalent actinide or lanthanide 
complexes in the presence of both a diglycolamide and an acidic dialkylorganophosphorus 
extractants.12,18,30–32 These studies suggest ternary metal-extractant complexes are present in the 
organic phase under certain conditions, but they either employ different extractants (for example 
TODGA rather than TEHDGA or the phosphoric acid HDEHP rather than the phosphonic acid 
HEH[EHP]), examine pH ranges that are not relevant to extracting conditions, or simulate organic 
phase conditions using solutions that are not in equilibrium with an aqueous phase. Unsurprisingly, 
these studies do not entirely agree. Some hypothesized that a ternary metal-diglycolamide-
organophosphorus complex is present under all conditions33,34 while others reported that a mixed 
extractant complex exists only under specific conditions.12,31,32 
Understanding the speciation of the ALSEP process extraction step is important to the 
accurate interpretation of kinetic data and thus to pinpointing the underlying processes that lead to 
extraction, and ultimately limit the actinide stripping rate. To resolve the ambiguities of the earlier 
reports, we explore the composition and stoichiometry of the equilibrium f-element complexes 
extracted into TEHDGA/HEH[EHP]/n-dodecane from nitric acid solutions under conditions 
directly relevant to the ALSEP process. The equilibrium organic phase species are characterized 
through equilibrium analysis, UV-visible and time-resolved laser-induced fluorescence 
spectroscopy (TRLFS), and density functional theory (DFT) calculations to probe the metal-ligand 
geometries and orientation and identify the thermodynamically stable metal-containing species 






 Chemicals were purchased from Sigma-Aldrich except where otherwise indicated. The 
extractant HEH[EHP] was obtained from BOC Sciences (95%) and purified to ≥98% by the third 
phase method59 as confirmed by 31P NMR and acid-base titration in an ethanol-water mixture 
(80:20). Stock extractant solutions were made by combining weighed amounts of TEHDGA 
(Eichrom Technologies, >99%) and the purified HEH[EHP] in n-dodecane (anhydrous, 99%) and 
diluting to a known volume. 
Aqueous phases were made from nitric acid (Baker, ULTREX II) and standardized by 
titration with sodium hydroxide. Solutions of lanthanide nitrates were prepared at the desired 
acidities from stock solutions of neodymium(III) nitrate hexahydrate (99.9% trace metals basis), 
or a europium nitrate solution prepared by dissolving a weighed amount of europium oxide 
(Treibacher Industrie AG, 99.99% REE) in nitric acid. The neodymium stock solution was 
standardized by titration with a standard EDTA solution (Fisher Scientific), xylenol orange 
indicator, and a saturated solution of hexamethylenetetramine (>99%) to buffer the titration at pH 
5 – 5.5. The pH was adjusted with 4 M HNO3 and monitored throughout the titration with a 
ThermoOrion Ross semimicro pH electrode. Aqueous solutions were prepared using Millipore 18 
M-cm deionized water, while deuterium oxide (99.9 atom % D), and 65 wt. % nitric acid-d in 
D2O (99 atom %) were used for the D2O luminescence experiments. 
5.3.2 Absorption Spectroscopy 
Aqueous phases of neodymium were made to 0.01 M and diluted with the relevant titrated 
nitric acid solutions. Acid concentrations were chosen to optimize extraction of Nd while avoiding 
the formation of a third phase, therefore acid concentrations at ALSEP process relevant conditions 
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were not always possible to use. Organic phase solutions were prepared by weight and pre-
equilibrated through contact with twice their volume of the appropriate metal-free aqueous phase, 
and vortexing for 30 sec. followed by centrifugation for phase separation. This process was 
repeated twice to complete pre-equilibration. Metal extractions were performed by vortexing equal 
volumes of pre-equilibrated organic phases with aqueous phases containing 0.001 – 0.01 M 
Nd(NO3)3 at the desired nitric acid concentration for five minutes followed by five minutes of 
centrifugation before the phases were separated. 
Spectra of both the aqueous and organic phases were obtained on a Varian Cary 300 
Spectrophotometer in 1.000 cm quartz cuvettes from 480 to 850 nm at 0.2 nm resolution. The 
equilibrium concentrations of neodymium in the organic phases were calculated from the total 
amount of Nd in the system and the difference in the initial and final spectra of the aqueous phase. 
The influence of HEH[EHP] on the stoichiometry of the organic phase Nd complexes also 
was studied spectroscopically. Organic phases containing 0.05 M TEHDGA and varying amounts 
of HEH[EHP] were made by combining aliquots of 0.2 M HEH[EHP]/n-dodecane, 0.2 M 
TEHDGA/n-dodecane, and n-dodecane all of which had been pre-equilibrated with 2 M HNO3. 
These solutions were pipetted in appropriate ratios to vary the HEH[EHP] concentration only. In 
addition, 0.05 M HEH[EHP]/n-dodecane and 0.05 M TEHDGA/n-dodecane organic phases were 
also tested. Culture tubes containing equal volumes organic phase and 0.01 M neodymium in 2 M 
HNO3 were initially placed into a 35°C water bath for 30 minutes, samples were then vortexed for 
30 seconds and placed back in the water bath for several minutes. These intervals were repeated 
until a total vortexing time of 5 minutes was reached. Phases were separated, and spectra were 




5.3.3 Time-Resolved Laser-induced Fluorescence Spectroscopy (TRLFS) 
TRLFS measurements were performed on europium-loaded organic solutions prepared by 
extraction from light and heavy water. Deuterated samples were made entirely with deuterated 
chemicals except for the 0.01 M europium nitrate stock solution which had been prepared in light 
water and contributed no more than 2 atom% 1H to the aqueous solutions. Organic solutions were 
pre-equilibrated with appropriate D2O/DNO3 or H2O/HNO3 aqueous phases and then contacted 
with a fresh aqueous phase containing europium similar to the procedure for the absorption 
spectroscopy experiments. Fluorescence spectra were obtained using an Edinburgh Instruments 
LP980 spectrometer with a Continuum Surelite nanosecond Nd:YAG laser as the excitation 
source. The excitation wavelength was fixed at 394 nm while the emission spectrum was recorded 
in the range of 300 nm to 800 nm. Fluorescence lifetimes were obtained by monitoring the lifetimes 
of the europium 5D0 to 7FJ transitions (J = 0 – 4) at the wavelengths of interest. Kinetic traces at 
each wavelength were fit as a single exponential decay and the goodness of fit was evaluated using 
the reduced chi-squared (χ2). The coordination environment of europium was elucidated based on 
the fluorescence emission spectra and fluorescence lifetime of the complexes, and the change in 
lifetime between non-deuterated and deuterated samples. In addition, the number of inner sphere 
coordinated water molecules (NH2O) was calculated using Horrock’s equation  
 𝑁𝐻2𝑂  1.05(𝑘𝐻2𝑂   𝑘𝐷2𝑂)      (5.1) 
 
where kH2O and kD2O are the fluorescence decay rate constants in msec-1 for samples prepared in 
H2O and D2O samples, respectively.60–63 The equation calculates the number of water molecules 
to within 0.5 molecules. 
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5.3.4 Extraction Experiments 
Procedures for studying the extraction of nitric acid are described in the supporting 
information. All radiotracer experiments were performed using radiochemically pure 241Am 
(Eckert and Ziegler) dissolved in 2 M HNO3.  Extractions were performed by pipetting equal 
volumes of pre-equilibrated organic and aqueous phases containing the desired concentrations of 
acid and extractant into glass culture tubes, spiking with 2 L of the 241Am solution and vortexing 
for 5 minutes followed by 5 minutes of centrifugation. Phases were separated, and aliquots of each 
phase were taken for liquid scintillation counting on a Packard 2500 TR liquid scintillation 
analyzer using Ecoscint liquid scintillation cocktail. Distribution ratios ( 𝑀) were calculated from 
the equation 
  𝑀  [𝑀]𝑜𝑟𝑔[𝑀]𝑎𝑞  [𝐶𝑃𝑀]𝑜𝑟𝑔[𝐶𝑃𝑀]𝑎𝑞                                                       (5.2) 
 
assuming equal counting efficiency of the aqueous and organic phases. All experimental 
uncertainties are reported at two standard deviations and error bars are not shown in figures if the 
uncertainty is smaller than the data points. 
5.3.5 Theoretical Calculations 
All calculations were performed using Gaussian 09 software.64 The alkyl chains of the 
ligands under investigation were truncated from 2-ethylhexyl chains to ethyl chains for ease of 
calculation as previously reported.65 Therefore, the computational analysis replaces TEHDGA 
with TEDGA and HEH[EHP] with HE[EP] (see Figure 5.S1 for structures of the truncated 
ligands). The europium was treated as a trivalent atom containing a +3 charge and multiplicity of 
seven. Geometries of hypothesized europium-ligand complexes were optimized using Becke’s 
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three parameter exchange functional with Lee-Yang-Parr’s correlation functional (B3LYP) and 
the 6-31G(d,p) basis sets for all second and third row elements.66,67 A relativistic effective core 
pseudopotential and corresponding basis set were employed (Stuttgart RSC 1997 ECP) for 
treatment of the europium cation.68 These calculations were performed without explicit or implicit 
solvation since the europium extraction complexes under investigation will be present in the 
dodecane organic phase, which has a dielectric constant near that of gas phase. Calculated 
stationary points were identified as a minimum by verifying the lack of any imaginary frequencies. 
Complexation energies were calculated from the difference of the Gibbs Free Energies of the 
products and reactants for each complex. Even with truncation of the alkyl chains, the number of 
degrees of freedom of each complex is large. Therefore, the exploration of the conformational 
spaces was necessarily limited to dozens of conformations for each complex.  
5.4 Results  
5.4.1 Optical Spectroscopy of Loaded Organic Phases 
The coordination environment of the organic phase complexes formed by extraction into 
the ALSEP process solvent was probed by optical spectroscopy. Lanthanides were loaded into 
organic phases for spectroscopic measurements from aqueous phases containing 0.01 M Nd or Eu. 
Neodymium is a particularly useful surrogate for Am because the ionic radii of Am3+ and Nd3+ are 
nearly identical,35 and the hypersensitive optical transitions of Nd can be useful for identifying 
changes in the metal coordination sphere.36 Europium(III), on the other hand, is isoelectronic with 
Am(III) (4f6 vs. 5f6) and displays strong and sensitive fluorescence in the visible region.37  
Extractions were performed as closely as possible to ALSEP process relevant conditions (3 – 4 M 
HNO3 and 0.05 M HEH[EHP]/0.75 M HEH[EHP]), but the need to balance adequate extraction 
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while avoiding third phase formation meant using acid concentrations lower than the ideal 
extraction conditions for ALSEP in some measurements. 
 
Figure 5.2 UV-Visible spectra of the neodymium 4I9/2 → 4G5/2, 2G7/2 (560-620 nm) and 4I9/2 → 
4S3/2, 4F7/2 and 2H9/2, 4F5/2 (700-850 nm) transitions after extraction into; 0.75 M HEH[EHP]/n-
dodecane from 0.001 M HNO3/1 M NaNO3 (short dash), 0.1 M TEHDGA/n-dodecane from 3.5 
M HNO3 (short dot), and 0.75 M HEH[EHP]/0.05 M TEHDGA/n-dodecane (ALSEP) from 4 M 
HNO3 (solid line). 
 
Neodymium absorption spectra for the 4I9/2 → 4G5/2, 2G7/2 transition between 560 and 620 
nm, the 4I9/2 → 4S3/2, 4F7/2 transition between 720 and 770 nm, and the 4I9/2 → 4F5/2, 2H9/2 transition 
between 775 and 825 nm are summarized in Figure 5.2. The spectra represent Nd extracted by 
0.75 M HEH[EHP]/n-dodecane, 0.1 M TEHDGA/n-dodecane, or the ALSEP organic phase – 0.05 
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M TEHDGA/0.75 M HEH[EHP]/n-dodecane. Extraction of Nd into the ALSEP organic phase 
from 2 M HNO3 (not shown), 3 M HNO3 (not shown), and 4 M HNO3 produced identical spectra, 
but these spectra of the ALSEP organic phase are different from those of the organic phases 
containing only 0.1 M TEHDGA/n-dodecane or 0.75 M HEH[EHP]/n-dodecane. The most notable 
differences between the Nd-TEHDGA and the Nd-ALSEP spectra are diminished absorbances at 
575 and 591.5 nm in the TEHDGA sample relative to the ALSEP sample, and enhanced 
absorbance at 735 nm for the TEHDGA sample. Furthermore, a general narrowing of the peaks 
occurs in the TEHDGA sample, particularly those centered around 802 and 587 nm, which is 
accompanied by a slight blue shift at 582 and 587 nm. 
While the 0.1 M TEHDGA and 0.05 M TEHDGA/0.75 M HEH[EHP] spectra are similar, 
each organic phase composition investigated exhibits a unique spectrum, indicating that different 
average Nd coordination environments are encountered in each organic phase. Principal 
component analysis of the spectra and target transformation using the program SIXpack38 indicate 
the Nd absorption spectrum of the two extractant TEHDGA/HEH[EHP] ALSEP system does not 
arise from a linear combination of the Nd spectra observed for the single extractant TEHDGA/n-
dodecane and HEH[EHP]/n-dodecane systems. Moreover, peaks at 570 nm and 606 nm are absent 
in the spectrum of the ALSEP system, indicating that Nd{H(EH[EHP])2}3 is not present. Although 
the presence of an equilibrium mixture of multiple Nd complexes in the ALSEP system cannot be 
excluded based on these absorption spectra, the results of the principal component analysis imply 
the presence of at least one Nd complex in the ALSEP organic phase that is not found in either of 
the two single extractant systems. 
The TRLFS emission spectra of Eu extracted in the three different extraction systems 
(Figure 5.3) more clearly demonstrate that the metal coordination environment of Eu in the ALSEP 
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system is distinctly different from the complexes in the solutions containing only TEHDGA or 
HEH[EHP]. Each solution displays distinctly different fluorescence spectra from the other two 
systems, and the spectrum of the ALSEP system is obviously not related to the spectra of either of 
the single extractant systems. 
 
Figure 5.3 TRLIFS spectra of europium extracted from 0.001 M HNO3/1 M NaNO3 into 0.75 M 
HEH[EHP]/n-dodecane (dashed line), from 3.5 M HNO3 into 0.1 M TEHDGA/n-dodecane (dotted 
line), and from 4 M HNO3 into 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane (solid line), 
respectively. 
 
The emission spectra of all three complexes were collected over a wavelength range 
spanning the 5D0 → 7FJ transitions (J = 0 – 4) and three key differences are apparent in the spectra. 
First, significant intensity for the 5D0 → 7F0 transition at 579.8 nm is only observed for the Eu-
ALSEP system and only one peak is seen for this non-degenerate transition. Second, while the 5D0 
→ 7F1 transitions at 593 nm are similar for both the ALSEP and TEHDGA/n-dodecane systems, 
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as expected for this magnetic dipole transition, the intensities of the hypersensitive 5D0 → 7F2 
manifold (618 nm) are substantially different for each of the solutions with the Eu-ALSEP system 
displaying a more intense 5D0 → 7F2 emission than the Eu-TEHDGA/n-dodecane system. Third, 
the band shapes and barycenters of the 5D0 → 7F4 transition at ca. 700 nm are distinct for each 
organic phase composition. Together the spectral differences in the TRLFS data indicate the Eu 
inner sphere coordination is different in each extraction system and that the ALSEP organic phase 
contains a single Eu coordination environment that does not match the Eu coordination in the 
organic phases containing only TEHDGA or HEH[EHP]. 
5.4.2 Probing Water Coordination by TRLFS  
Water molecules have been proposed as inner sphere ligands in the organic phase 
complexes of Eu in a mixed malonamide/HDEHP extraction system.39 The possible presence of 
water in the inner coordination sphere of the extracted complexes in the ALSEP process was 
investigated by measuring the lifetime of Eu3+ samples prepared in light water and identical heavy 
water samples made with deuterated reagents. The presence of OH oscillators directly coordinated 
with europium decreases the emission decay lifetime ( = 0.11 ms, aqueous Eu-solution) 
significantly when compared to heavier OD oscillators ( = 3.3 ms).40 The fluorescence lifetime 
of the major fluorescence peaks in each solution could be fit to a single exponential decay with χ2 
< 1, and fluorescence lifetimes on the order of milliseconds (Table 5.1). As expected, Eu3+ in the 
aqueous stock solutions was found to contain nine water molecules directly coordinated in the 
inner coordination sphere.41 In contrast, all the organic phase europium-ligand complexes we 





Table 5.1 Fluorescence lifetimes in H2O and D2O for M Eu complexes. Samples prepared by 
extracting 0.10 M Eu from 0.001 M HNO3/1 M NaNO3, 3.5 M HNO3, and 4 M HNO3 into 0.75 M 
HEH[EHP]/n-dodecane, 0.1 M TEHDGA/n-dodecane, and 0.05 M TEHDGA/0.75 M 
HEH[EHP]/n-dodecane, respectively. Number of inner sphere water molecules calculated based 
on Eq. 5.1 with an absolute uncertainty of ±0.5 H2O. 
Complex τ in H2O 
(ms) 
τ in D2O 
(ms) 
Number 
 of H2O 
Aqueous Eu Solution 0.11 3.30 9.20 
0.05 M TEHDGA/0.75 M HEH[EHP] 2.17 2.26 0.02 
0.1 M TEHDGA 2.10 2.35 0.05 
0.75 M HEH[EHP] 3.03 3.27 0.03 
 
5.4.3 Liquid-liquid Extraction Equilibria 
 Analysis of the partitioning behavior of Am3+ or Nd3+ between aqueous solutions of nitric 
acid and organic phases comprised of TEHDGA, HEH[EHP] and n-dodecane was used to define 
the stoichiometries of the organic phase complexes in the ALSEP system. 
5.4.4 TEHDGA Dependence 
Americium extraction from either 2 M or 4 M HNO3 into organic phases containing 0.75 M 
HEH[EHP] and varying amounts of TEHDGA in n-dodecane was examined. For comparison, 
additional measurements of Am extraction from 2 M HNO3 into n-dodecane containing only 
variable concentrations of TEHDGA were also evaluated. The extraction of Am from 4 M HNO3 
into TEHDGA/n-dodecane in the absence of HEH[EHP] could not be studied due to formation of 
a third phase under these conditions.42 
The results of the three TEHDGA dependence experiments are summarized in Figure 5.4 
and Table 5.2. One set of extractions was conducted in the absence of HEH[EHP], while two sets 
were conducted in the presence of 0.75 M HEH[EHP]. The addition of 0.75 M HEH[EHP] to the 
TEHDGA solution caused a substantial increase in Am extraction, and the highest DAm values were 
always observed for in the 4 M HNO3–TEHDGA/0.75 M HEH[EHP]/n-dodecane system. In the 
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solutions containing only TEHDGA, slope analysis of the Am extraction from 2 M HNO3 indicates 
a third power dependence on the TEHDGA concentration (slope = 2.95 ± 0.09, Table 5.2), 
implying the formation of a 1:3 Am:TEHDGA complex in the organic phase, as previously 
reported for extraction of Eu by TEHDGA20 and An3+/Ln3+ extraction by TODGA.19,28 The ALSEP 
organic phases, on the other hand, contain 0.75 M HEH[EHP] in addition to TEHDGA. In the 
ALSEP organic phases, the slopes of the extraction curves decrease substantially from the 
TEHDGA only case, giving second power dependence on the TEHDGA concentration at both 
acidities (2.11 ± 0.07 for 2 M HNO3 and 2.1 ± 0.1 for 4 M HNO3, Table 5.2). This implies an 
average 1:2 Am:TEHDGA stoichiometry for the extracted complexes at both acidities when 0.75 
M HEH[EHP] is also present in the organic phase. Consequently, one TEHDGA molecule is 
displaced from the equilibrated extracted complex when 0.75 M HEH[EHP] is added to the 
TEHDGA/n-dodecane organic phase to create the ALSEP extraction system.  
 
Figure 5.4 TEHDGA dependence for the extraction of Am3+ from 4 M HNO3 into 0.03-0.075 M 
TEHDGA/0.75 M HEH[EHP]/n-dodecane (filled square), from 2 M HNO3 into 0.02-0.07 M 
TEHDGA/0.75 M HEH[EHP]/n-dodecane (empty square), and from 2 M HNO3 into 0.02-0.2 M 







5.4.5 HEH[EHP] Dependence 
Attempts to study Am extraction from 4 M HNO3 by 0.05 M TEHDGA/n-dodecane with 
variable HEH[EHP] concentrations resulted in formation of a third phase at lower HEH[EHP] 
concentrations and these investigations were not pursued. However, third phases were not 
observed during contact with 2 M HNO3, yielding distribution data across the HEH[EHP] 
concentration range of 0 - 0.75 M (Figure 5.5). The strong propensity of HEH[EHP] to dimerize 
in n-dodecane means that the dimer (HEH[EHP])2 is actually the active form of the extractant in 
our experiments.20 The (HEH[EHP])2 dependence of the Am extraction derived from linear 
regression analysis was 0.43 ± 0.02 (Table 5.2), similar to a previous report.31    
The simplest interpretations of this result suggest an approximate 2:1 Am:(HEH[EHP])2 
stoichiometry in the extracted complex. This condition could be met either by the disruption of an 
HEH[EHP] dimer, (HEH[EHP])2,21 accompanied by incorporation of one HEH[EHP] molecule 
into a mononuclear extracted complex, or by formation of a polynuclear organic phase complex 
with a 2:1 Am:(HEH[EHP])2 stoichiometry. Neither explanation is satisfying, however. First, the 
ease of HEH[EHP] monomer formation will decrease with increasing HEH[EHP] concentration 
and would cause noticeable curvature in the distribution data over the wide range of HEH[EHP] 
concentrations studied. Second, extraction experiments at higher Am concentrations demonstrate 
that the distribution ratio is independent of [Am] across the range of Am concentrations studied. 
This observation is not consistent with the presence of 2:1 Am:(HEH[EHP])2 complex in the 
organic phase as DAm is independent of metal concentration only if each extracted complex 




Figure 5.5 HEH[EHP] dependence for the extraction of 241Am (III) from 2 M HNO3 into 0.05 M 
TEHDGA/0-0.75 M HEH[EHP]/n-dodecane. The 0 M HEH[EHP] data is represented by a dashed 
line. 
 












2 M HNO3 0.02-0.2 M 0 M 2.95 ± 0.09 3.5 ± 0.1 
2 M HNO3 0.02-0.07 M 0.75 M 2.11 ± 0.07 3.6 ± 0.1 
4 M HNO3 0.03-0.075 M 0.75 M 2.1 ± 0.1 4.4 ± 0.1 
2 M HNO3 0.05 M 0.005-0.75 M 0.43 ± 0.02 0.80 ± 0.02 
1-5 M HNO3 0.05 M 0.75 M 3.10 ± 0.10a 4.35 ± 0.05 
aSlope = 2n – 3 with n = 3.05 ± 0.05 (see Supplementary Eq. S15) 
 
A reasonable alternate explanation for the non-integral HEH[EHP] dependence is that 
HEH[EHP] acts as a phase modifier as well as an extractant. Addition of HEH[EHP] substantially 
alters the polarity of the TEHDGA/n-dodecane organic phases, as suggested by its ability to 
suppress third phase formation in the ALSEP process.10,11 This, in turn, will affect the extractability 
of the organic phase complex with the effect that the equilibrium constant for the extraction will 
vary with the organic phase HEH[EHP] concentration, a condition that is incompatible with using 




Figure 5.6 (a) UV-Visible spectra of neodymium extraction at 35ºC from 2 M HNO3, into 0 – 
0.075 M HEH[EHP]/0.05 M TEHDGA/n-dodecane. (b) Speciation of extracted in Nd calculated 
from Eq. 5.4 with m = 0.9 ± 0.1. 
 
In light of this complication, a different approach for probing the HEH[EHP] stoichiometry 
of the extracted complexes was devised. The speciation of the extracted complex was studied by 
UV-visible spectrophotometry in organic phases consisting of 0.05 M TEHDGA in n-dodecane 
and 0 - 0.075 M HEH[EHP]. The organic phases were contacted with aqueous phases containing 
0.01 M Nd in 2 M HNO3 at 35 ºC. The higher temperature was used to discourage third phase 
formation at these metal concentrations. After measuring the amount of Nd extracted, the resulting 
organic phases were analyzed by spectrophotometry between 550 and 620 nm to determine 
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changes in the Nd coordination environment at different HEH[EHP] concentrations. The series of 
organic phase spectra obtained from these experiments are displayed in Figure 5.6.  
Principal component analysis conducted using both the programs SIXpack38 and 
GlobalWorks (On-Line Instrument Systems, Inc.) indicated that the set of spectra for all 10 
HEH[EHP] concentrations studied was composed of two unique spectral components (Figure 
5.S2). The spectrum of the first species determined from the model-linked singular value 
decomposition in GlobalWorks matched the spectrum of Nd(TEHDGA)3∙3NO3 extracted from 2 
M HNO3. The spectrum of the second species matched that of the Nd-loaded ALSEP organic phase 
depicted in Figure 5.2. Using the spectra of these two Nd complexes, the ratio of the two complexes 
in the organic phase could be calculated for each solution and used to derive the number of 
(HEH[EHP])2 dimers, m, coordinated in the ALSEP system for the generalized equilibrium  
 𝑀(𝑇𝐸𝐻 𝐺𝐴)3 · 3𝑁𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝑚 (𝐻𝐸𝐻[𝐸𝐻 ])2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ ⇌                                         (5.3) 
 𝑀(𝑇𝐸𝐻 𝐺𝐴)2(𝐻ℎ(𝐸𝐻[𝐸𝐻 ])2)𝑚 · 𝑛𝑁𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  + 𝑇𝐸𝐻 𝐺𝐴̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  + 𝑚(2  ℎ) 𝐻𝑁𝑂3       
 
where species in the organic phase are indicated by overbars, h represents the number of acidic 
hydrogens in each metal-complexed HEH[EHP] dimer (h = 0, 1, or 2), and n represents the number 
of nitrate ions in the product complex, with n = 3 – m(2 – h). Defining the equilibrium constant of 
this reaction to be Kexchange, the equilibrium constant expression can be written as  
 




with b = log Kexchange + m(2 – h) log [HNO3]. Between 0.005 and 0.050 M HEH[EHP], analysis of 
the spectroscopic data with Eq. 5.4 yields a value of m = 0.9 ± 0.1 (Figure 5.6), implying that under 
these conditions 1 (HEH[EHP])2 dimer displaces 1 TEHDGA molecule from M(TEHDGA)3∙3NO3 
to form the complex M(TEHDGA)2(Hh(EH[EHP])2)∙nNO3 in the ALSEP organic phase. 
5.4.6 Nitric Acid Dependence 
The stoichiometry of nitrate and hydrogen ions in the extracted complex was probed by 
examining Am3+ extraction into the standard ALSEP organic phase (0.05 M TEHDGA/0.75 M 
HEH[EHP]/n-dodecane) as a function of the equilibrium aqueous concentration of nitric acid 
(Figure 5.7). As previously described, a minimum in the Am extraction is observed at 
approximately 0.5 M HNO3 due to a change in the organic phase metal speciation from complexes 
containing TEHDGA and nitrate at high acidity to homoleptic complexes of monodeprotonated 
HEH[EHP] dimers, which show an inverse dependence of the metal distribution ratio on the 
aqueous acidity, at low acidities.11 However, even at aqueous acidities higher than 1 M HNO3, 
direct slope analysis of the concentration dependence of the distribution ratio is not a reliable 
indication of the proton or nitrate stoichiometry of the metal complex extracted in the ALSEP 
process. The large change in ionic strength across the range of aqueous nitric acid concentrations 
studied causes substantial changes in the activity coefficients of the aqueous solutes, the activity 
of water, the fraction of aqueous Am present as nitrate complexes, the degree of nitric acid 
dissociation, the amount of nitric acid extracted into the organic phase, and the fraction of each 
extractant available to interact with Am. Consequently, a multi-equilibrium thermodynamic model 
for Am extraction from nitric acid into the ALSEP organic phase was developed to interpret the 
effect of nitric acid on Am extraction and the nitrate and hydrogen ion stoichiometry of the 
extracted complex using the general extraction equilibrium 
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 𝐴𝑚3+ + 𝑛 𝑁𝑂3− + 2 𝑇𝐸𝐻 𝐺𝐴̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + (𝐻𝐸𝐻[𝐸𝐻 ])2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  ⇌  𝑀(𝑇𝐸𝐻 𝐺𝐴)2(𝐻ℎ(𝐸𝐻[𝐸𝐻 ])2) · 𝑛𝑁𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  + (3  𝑛) 𝐻+           (5.5) 
 
where h = n – 1 and h = 0, 1, or 2. Details of the model and the relationship between the slope of 
the nitrate dependence and n, the number of nitrate ions incorporated into the extracted complex, 
are described in the Supplementary Material. Evaluation of n, the number of nitrate anions 
extracted with each Am3+ cation, and Kex, the equilibrium constant for the extraction reaction, 
between 1 and 5 M HNO3 gave n = 3.05 ± 0.06 and log Kex = 4.35 ± 0.05 (Figure 5.7).  
 
 
Figure 5.7 Effect of aqueous nitric acid on Am extraction into 0.05 M TEHDGA/0.75 M 
HEH[EHP]/n-dodecane. (a) Experimental extraction data (squares) fit to a third-degree polynomial 
(short dashed line). The filled squares represent data used in the equilibrium activity modelling 
shown in panel b. (b)  Determination of the nitrate stoichiometry, n, in the extracted complex from 
the correlation of the Am distribution ratio corrected for variations in aqueous activity coefficients, 
aqueous nitrate complexation, and extraction of nitric acid to the activity of nitrate ions in the 







5.4.7 Computational Data 
 Further insight into the inner sphere coordination of trivalent f-element cations with 
TEHDGA, HEH[EHP], nitrate anions and water molecules was gained by comparing the 
complexation energies of europium-ligand complexes potentially present in the ASLEP organic 
phase. Many different coordination complexes are possible in the organic phase given the 
flexibility of the An3+ and Ln3+ coordination spheres and the presence of multiple potential ligands. 
However, the experimental data rule out many possibilities, for the complexes extracted from 2 – 
4 M HNO3, such as complexes containing only singly deprotonated HEH[EHP] dimers (e.g. 
M{H(EH[EHP])2}3, complexes with inner sphere water molecules, or complexes containing a 
single TEHDGA ligand. Consequently, we calculated energies for the following complexes and 
explored the conformational space of each: TEHDGA only (Eu(TEHDGA)3∙3NO3), two to one 
ratio of TEHDGA to deprotonated HEH[EHP] dimer (Eu(TEHDGA)2(H(EH[EHP])2)∙2NO3), and 
two to one ratio of TEHDGA to protonated HEH[EHP] dimer 
(Eu(TEHDGA)2(HEH[EHP])2∙3NO3). To enable tractable calculations on these complexes, the 
ethylhexyl substituents were replaced with ethyl groups, with N,N,N’,N’-tetraethyldiglycolamide 
(TEDGA) replacing TEHDGA and ethyl phosphonic acid monoethyl ester (HE[EP]) replacing 
HEH[EHP] for the calculations. The structures of TEDGA and HE[EP] are summarized in Figure 
5.S1. 
The minimum energy geometries calculated for these three stoichiometries of the TEDGA 
and HE[EP] complexes are shown in Figure 5.8. In the Eu(TEDGA)3∙3NO3 complex the europium 
ion is coordinated only by tridentate TEDGA ligands yielding a complex with D3 symmetry, a 
coordination number of nine, and a calculated minimum energy of -9.7 kcal/mol. The three nitrate 
anions are positioned in clefts between the alkyl-chains of adjacent TEDGA ligands to balance the 
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charge of europium and produce a neutral complex as found by Brigham et al. for the closely 
related extractant TODGA.19 Replacing one of the TEDGA ligands with a singly deprotonated 
dialkylphoshonic acid dimer, H(E[EP])2-, yields Eu(TEDGA)2(H(E[EP])2)∙2NO3. This complex 
was observed to have two possible minimum energy geometries within 0.2 kcal/mol (-11.3 and -
11.1 kcal/mol). The two geometries differ primarily in the location of the nitrate anions: geometry 
A contains both nitrate anions in the outer sphere creating an 8-coordinate Eu complex with C2 
site symmetry, while geometry B contains one monodentate nitrate anion in the Eu inner 
coordination sphere, giving europium a coordination number of nine and C1 symmetry. In 
geometry A, neither nitrate remains in the cleft between the TEDGA ligands, instead each nitrate 
is associated with one of the TEDGA ligands (Figure 5.8). In geometry B the two nitrates are found 
in spaces between the TEDGA molecules and the HE[EP] dimer. The movement of the nitrate 
counter anions can be explained by the increase in inner sphere free space when one tridentate 
TEDGA is replaced by a bidentate H(E[EP])2- anion. The extra room allows the remaining two 
TEDGA ligands to shift, removing the original clefts where the nitrate ions were positioned. 
Consequently, the nitrate ions reposition, either outer sphere or inner sphere, to stabilize the newly 
formed Eu complex. The energetic similarity of these complexes is unusual because 9-coordinate 
Eu complexes are generally expected to be energetically more stable than the 8-coordinate 
europium complex. However, analysis of the europium-ligand coordination distances reveals that 
inner sphere coordination of the nitrate anion in geometry B causes the Eu-O bond lengths of the 
TEDGA ligands to increase (Supplementary Table 5.S2). As a result, the energies of the 8- and 9-
coordinate complexes differ by only 0.2 kcal/mol, which suggests that if 
Eu(TEHDGA)2(H(EH[EHP])2)∙2NO3 were to form in the organic phase, both complexes A and B 
could coexist in solution.  
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Five possible minima were located for the Eu(TEDGA)2(HE[EP])2∙3NO3 complex, which 
forms from a from a neutral, fully protonated (HE[EP])2 dimer (i.e. H2(E[EP])2 ) without the loss 
of a hydrogen ion to the aqueous phase. Two possible complexes were close in energy (−25.7 and 
−22.9 kcal/mol) while the other three complexes (−12.8, −11.1 and −5.9 kcal/mol) were 
substantially less stable. Only the two most stable configurations, geometries C and D, are 
considered here. 
 
Figure 5.8 Optimized Eu-complexes investigated as possible species existing during ALSEP 
extraction. Geometries (A) and (B) refer to two different Eu complexes containing deprotonated 
HE[EP] dimers and geometries (C) and (D) refer to two different Eu complexes containing 
protonated HE[EP] dimers. See the text for further details of the complexes. Europium is teal, 
oxygen atoms are red, nitrogen atoms are blue, carbon atoms are gray, and hydrogen atoms are 
white. Dashed lines from Eu highlight the chelating oxygen in every complex. Hydrogen atoms 
outlined with black circles correspond to the acidic HE[EP] hydrogen. Black dashed lines represent 




In both of these complexes, one P=O - - H-O hydrogen bond in the (HE[EP])2 dimer is 
disrupted. The critical difference between the two lowest energy conformations of 
Eu(TEDGA)2(HE[EP])2∙3NO3 is the interaction between the (HE[EP])2 dimer and the Eu ion. In 
geometry C of the Eu(TEDGA)2(HE[EP])2∙3NO3 complex (Figure 5.8), the europium sits in a C2 
symmetry site, all the nitrate ions remain in the outer coordination sphere, a hydrogen bond forms 
between one HE[EP] and a nitrate anion, and bidentate coordination between the HE[EP] dimer 
and Eu is observed. The energy of this complex is calculated to be -22.9 kcal/mol. The PO-H bond 
of the HE[EP] hydrogen bonding to the nitrate elongates from 1.03 Å to 1.57 Å while the H- -ON 
hydrogen bond between this HE[EP] and the nitrate anion is 1.02 Å. This indicates that such a 
complex would take on the character of a deprotonated HE[EP] dimer hydrogen bonded to nitric 
acid. Alternately, the Eu(TEDGA)2(HE[EP])2∙3NO3 complex can distort, leading to the C1 
symmetry complex shown in geometry D. (Figure 5.8) This is the most stable 
Eu(TEDGA)2(HE[EP])2∙3NO3 complex studied at -25.7 kcal/mol. In geometry D the (HE[EP])2 
dimer becomes monodentate as one Eu-OP bond and one P=O - - H-O-P hydrogen bond are 
cleaved and nitrate anions reposition to stabilize the entire complex. One nitrate anion moves into 
the Eu inner coordination sphere with Eu-ON bond length of 2.34 Å while a second nitrate anion 
H-bonds to the hydrogen on the non-coordinated HE[EP] in the outer coordination sphere. The 
non-coordinated HE[EP] PO-H bond length remains 1.04 Å while the H - - ON hydrogen bond 
between this HE[EP] and the nitrate anion is 1.48 Å. This implies that complex D would have the 
character of a fully protonated HE[EP] dimer hydrogen bonded to a nitrate anion. This asymmetric 
complex featuring inner and outer sphere nitrate ions is 2.8 kcal/mol more stable than the 
Eu(TEDGA)2(HE[EP])2∙3NO3 complex with all three nitrates in the outer sphere and 19.0 kcal/mol 




 Together the equilibrium partitioning experiments, optical spectroscopy, and modeling 
clearly demonstrate the formation of a new extracted complex when HEH[EHP] is added to 
solutions of TEHDGA under metal extraction conditions in acidic biphasic systems. Previous 
evidence of mixed TEHDGA-HEH[EHP] complexes under ALSEP extraction conditions has been 
inconsistent. The original work on the ALSEP process postulated ternary metal-TEHDGA-
HDEHP (HDEHP = bis(2-ethylhexyl)phosphoric acid) complexes were likely involved in An3+ 
and Ln3+ extraction under acidic conditions, but also concluded it was unclear if metal-TEHDGA-
HEH[EHP] complexes form.11 Subsequent EXAFS studies of Nd3+ extracted into mixtures of 
TEHDGA and HEH[EHP] from 1 M HNO3 suggested the possibility of a Nd-O-P scattering path 
consistent with “relatively weak interactions between Nd-HEH[EHP]-T2EHGDA when extracted 
from a mildly acidic aqueous environment.”12 In contrast to both these studies, a later EXAFS 
study of Eu-TODGA-HDEHP complexes concluded that only 1:3:3 Eu:TODGA:nitrate 
complexes are extracted into 0.05 M TODGA/0.75 M HDEHP/n-dodecane from 3 M HNO3.32 On 
the other hand, from FTIR experiments Rama Swami et al. proposed simultaneous coordination of 
TEHDGA and HEH[EHP] or HDEHP when Eu3+ is extracted into mixtures of these extractants 
from 3 M HNO3.18 The observation of multi-extractant organic phase complexes in the ALSEP 
system also is similar to reports for An3+ and Ln3+ extraction by mixtures of N,N′-dimethyl-N,N′-
dioctylhexylethoxymalonamide and dialkylphosphoric acid extractants.39,43,44 Our experiments 
and modeling confirm the formation and identity of the mixed metal-TEHDGA-HEH[EHP] 
complex formed in the ALSEP organic phase under acidic extracting conditions. 
 The presence of neutral and acidic coextractants at variable concentrations and high 
aqueous acidities makes the determination of the organic phase speciation in the ALSEP process 
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difficult. At low acidity the ALSEP process’ acidic extractant, HEH[EHP], forms the 
M{H(EH[EHP])2}3 complex,12 liberating hydrogen ions to the aqueous phase according to the 
equilibrium 
 𝑀3+ + 3 (𝐻𝐸𝐻[𝐸𝐻 ])2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅   ⇌   𝑀{𝐻(𝐸𝐻[𝐸𝐻 ])2}3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 3 𝐻+.                        (5.6) 
 
Equilibrium 4 is clearly opposed by high acidities, and the extraction of An3+ or lanthanides lighter 
than terbium by HEH[EHP] is negligible at aqueous acidities of 1 M or greater.45 By itself, the 
neutral extractant TEHDGA forms complexes in the organic phase according the equilibrium19,20 
 𝑀3+ + 3 𝑁𝑂3− +  3 𝑇𝐸𝐻 𝐺𝐴̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅   ⇌   𝑀(𝑇𝐸𝐻 𝐺𝐴)3 · 3𝑁𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ .                          (5.7) 
 
If the nitrate anions are supplied by nitric acid, Eq. 5.7 will be favored by high nitric acid 
concentrations and negligible at the low acidities favored by Eq. 5.6. At high nitric acid 
concentrations experiments also suggest coextraction of nitric acid, depending on the conditions,20 
with the equilibrium 
 
      𝑀3+ + 𝑝 𝐻+ + (3 + 𝑝) 𝑁𝑂3− +  3 𝑇𝐸𝐻 𝐺𝐴̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅   ⇌   𝑀(𝑇𝐸𝐻 𝐺𝐴)3 · 3𝑁𝑂3 · 𝑝𝐻𝑁𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅    p = 1, 2.        (5.8) 
 
Each of these equilibria has a characteristic dependence on the extractant, nitrate, and hydrogen 
ion activities (Table 5.3). However, in the mixed HEH[EHP]/TEHDGA ALSEP system, a 
distinctly different stoichiometry is observed, 1 An3+/Ln3+:2.1 TEHDGA:0.9 (HEH[EHP])2:3.05 
NO3-, with no aqueous hydrogen ions as reactant or product and no inner sphere coordinated water. 
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Furthermore, optical spectroscopy of the extracted Nd and Eu complexes demonstrate the 
stoichiometry observed in the ALSEP system solvent does not result from mixtures of the products 
of Eq. 5.6 and Eq. 5.7 or 5.8, because the distinct optical signatures of M{H(EH[EHP])2}3, 
absorption peaks at 570 and 606 nm in the Nd spectrum (Figure 5.2) and the Eu fluorescence 
emission band at 611 nm (Figure 5.3), are absent. This disappearance of the homoleptic Nd-
HEH[EHP] complex under ALSEP extracting conditions is also consistent with experiments by 
Gullekson et al. who titrated TEHDGA∙HNO3/n-dodecane into isolated organic phases initially 
containing Nd{H(EH[EHP])2}3.12 
Table 5.3 Expected dependence of distribution ratios on the organic phase extraction 
concentrations of extractants and the activity of hydrogen and nitrate ions in aqueous nitric acid 
for proposed extraction equilibria. 
  Slope Slope Stoichiometry Slopea 




2 1 n – 3 n 
2n – 3 
4 M{H(EH[EHP])2}3 0 3 -3  -3 
5 M(TEHDGA)3∙3NO3 3 0 0 3 3 
6 M(TEHDGA)3∙3NO3∙pHNO3 3 0 p p + 3 2p + 3 
a Slope expected in nitric acid solutions when [H+] ≈ [NO3-] (Eq. 5.S7c and 5.S15) 
 
 The change in the metal ion site symmetry of the extracted complex between organic 
phases containing only TEHDGA and those containing mixtures of TEHDGA and HEH[EHP] is 
also apparent in the changes in the optical spectra (Figures 5.3 and 5.6). The 5D0 → 7F0 transition 
of Eu3+, which occurs near 580 nm in condensed phases, is particularly diagnostic. This transition 
is only allowed for a subset of non-cubic space groups without an inversion center – Cnv, Cn, and 
Cs.46 In other symmetries, for example Dn or any space group with an inversion center, this 
transition is forbidden and is generally very weak if observed at all. Extraction of Eu3+ into 0.75 
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M HEH[EHP]/n-dodecane or 0.2 M TEHDGA/n-dodecane yielded solutions with barely 
discernable 5D0 → 7F0 emissions (Figure 5.3 and Supplementary Figure 5.S6), in agreement with 
previous reports 21,47. In contrast, extraction of Eu3+ from 4 M HNO3 into 0.05M TEHDGA/0.75 
M HEH[EHP]/n-dodecane gives a solution with an obvious 5D0 → 7F0 emission band at 579.7 nm. 
The absence of significant 5D0 → 7F0 emission for the organic phase Eu complexes containing 
only HEH[EHP] or TEHDGA is readily understood based on the Eu site symmetry. 
Eu{H(EH[EHP])2}3 is believed to possess approximately octahedral symmetry with an inversion 
center21,29. The Eu(TEHDGA)3·3NO3 complex extracted into 0.05 M TEHDGA will have D3 site 
symmetry19 similar to the europium trisoxydiacetato and trisdipicolinato complexes, which also 
show exceedingly weak 5D0 → 7F0 emission.48,49 However, replacing one TEHDGA molecule with 
one mono- or bidentate (HEH[EHP])2 will necessarily yield a lower symmetry complex (C2v, C2, 
or C1) with an allowed 5D0 → 7F0 transition, as we observe. The lowest energy conformations we 
found in our theoretical calculations (geometries C and D) show these lowered symmetries.  
 The changes in the 5D0 → 7F4 emission band at approximately 700 nm are also consistent 
with a decrease in symmetry of the Eu site in the ALSEP system compared to the organic phase 
containing only TEHDGA. The Eu3+ 7F4 state is split into 4 levels in crystal fields of D3 symmetry 
(i.e. for Eu(TEHDGA)3·3NO3), while it splits into 7 levels for C2v symmetry and 9 levels for C2 
or C1 symmetry 50. The broadening of the 5D0 → 7F4 transition in the Eu-ALSEP emission spectrum 
compared to the Eu-TEHDGA spectrum is accompanied by a transition from 4 discernable bands 
in the Eu-TEHDGA spectrum to the presence of 6 discernable shoulders on the main peak for the 
Eu-ALSEP spectrum (Supplementary Figure 5.S6), suggesting that the 7F4 state splits into at least 
7 discrete levels. This change in site symmetry of the extracted complex is consistent with direct 
coordination of HEH[EHP] in the ALSEP system.  
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 With the metal:ligand stoichiometry established by equilibrium partitioning and 
spectroscopic experiments, the protonation state of HEH[EHP] in the extracted complex remains 
key to understanding the nature of the extracted complex. The extracted complex must be charge 
neutral. The charge on the extracted An3+ and Ln3+ cations can be balanced by coextracted nitrate 
anions (Eq. 5.7), deprotonated HEH[EHP] molecules (e.g. H(EH[EHP])2- in Eq. 5.6), or a 
combination of the two. In addition, HNO3 may be incorporated into the outer sphere of the 
extracted complex (Eq. 5.8). The aqueous acidity disfavors formation and complexation of the 
H(EH[EHP])2- anion, as the pKa of HEH[EHP] is ca. 4.1,51 and our nitrate dependence experiments 
(Figure 5.7) clearly show coextraction of 3 nitrates per trivalent cation (n = 3) without loss of 
hydrogen ions from HEH[EHP] to the aqueous phase according to Eq. 5.5. Were H(EH[EHP])2- 
or 2 equivalents of EH[EHP]- to form by release of H+ from the HEH[EHP] dimers to the aqueous 
phase, the experimental nitrate activity dependence in Figure 5.7 would have a slope of 1 (n = 2) 
or -1 (n = 1), respectively (Eq. 5.5,  Eq. 5.S15). Instead, the experimentally verified lack of H+ 
release to the aqueous phase suggests that either HEH[EHP] coordinates to the metal center as a 
neutral, protonated species45 or that HEH[EHP] deprotonates during formation of the extracted 
complex with the released hydrogen ion remaining in the organic phase and forming a molecule 
of nitric acid by reacting with one nitrate anion.  
Computational modeling of the possible extracted complexes provides further insight into 
HEH[EHP] coordination and the likely protonation state of these complexes. The complexation 
energy of Eu(TEDGA)3∙3NO3 was calculated to be −9.7 kcal/mol compared to −11.3/−11.1 
kcal/mol and −22.9/−25.7 kcal/mol for Eu(TEDGA)2(H(E[EP])2)∙2NO3 geometries A/B and 
Eu(TEDGA)2(HE[EP])2∙3NO3 geometries C/D, respectively (Figure 5.8 and Table 5.4). Although 
formation of M(TEDGA)3∙3NO3 is exothermic, the substantially greater stability of the ternary 
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metal-diglycolamide-phosphonic acid complexes suggest that fully-protonated HEH[EHP] can 
readily displace a TEHDGA molecule, since HEH[EHP] is available at 15 times the concentration 
of TEHDGA in the ALSEP organic phase. Indeed, the biphasic spectrophotometric titrations 
(Figure 5.6) indicate an appreciable concentration of a 1:2:1 Nd:TEHDGA:(HEH[EHP])2 complex 
is already present with 0.015 M concentrations of HEH[EHP] and 0.05 M TEHDGA. 
Consequently, M(TEHDGA)3∙3NO3 is unlikely to be present during ALSEP extractions. 
Table 5.4 Calculated Gibb Free Energies of complexation for the optimal geometries of 
Eu(TEDGA)∙3NO3, Eu(TEDGA)2(H(E[EP])2)∙2NO3 and Eu(TEDGA2)2(HE[EP])2∙3NO3. 
Complexa Complexation Energy (kcal/mol) 
Eu(TEDGA)∙3NO3 -9.7 
Eu(TEDGA)2(H(E[EP])2)∙2NO3  A -11.3 
Eu(TEDGA)2(H(E[EP])2)∙2NO3  B -11.1 
Eu(TEDGA)2(HE[EP])2∙3NO3      C -22.9 
Eu(TEDGA)2(HE[EP])2∙3NO3    D -25.7 
aExtractants truncated from 2-ethylhexyl to ethyl chains for computational feasibility 
 
Substitution of HEH[EHP] for TEHDGA in the extracted complex of the ALSEP system 
also appear to affect the nitrate coordination environment profoundly. In the M(TEHDGA)3∙3NO3 
complex, the nitrate anions required to balance the positive charge of the metal cation sit in the 
outer coordination sphere in clefts between the coordinated TEHDGA ligands,19,52 likely 
interacting with coextracted water molecules present in the outer coordination sphere.53 Two of 
these threefold inter-ligand nitrate binding clefts are lost when one TEHDGA molecule is replaced 
with HEH[EHP] to form the ALSEP system’s extracted complex. Consider the hypothetical 
ALSEP extraction reaction, 




It would display a nitrate activity dependence slope of 1 with n = 2 (Eq. 5.S15) and produce 
complexes with geometries A or B. For these complexes, the computations indicate that replacing 
one TEHDGA with H(EH[EHP])2- will cause both nitrate anions to migrate out of the one 
remaining cleft between TEHDGA molecules. In geometry A, the nitrates occupy spaces between 
the TEHDGA and HEH[EHP] molecules. In the case of geometry B, one of the nitrate anions 
repositions further to form an inner sphere complex with the Eu ion (Figure 5.8).   
The changes in the nitrate environment are even more profound for the most stable 
complexes studied, geometries C and D of Eu(TEDGA)2(HE[EP])2∙3NO3. Unlike the complexes 
represented by geometries A and B, the stoichiometry of these complexes C and D matches the 
experimentally determined stoichiometry and the overall extraction equilibrium  
 𝑀3+ + 3 𝑁𝑂3− + 2 𝑇𝐸𝐻 𝐺𝐴̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + (𝐻𝐸𝐻[𝐸𝐻 ])2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ ⇌  𝑀(𝑇𝐸𝐻 𝐺𝐴)2(𝐻(𝐸𝐻[𝐸𝐻 ])2) · 3𝑁𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ .     (5.10) 
 
In both geometries C and D, the computations suggest that one nitrate anion will remain in the 
cleft between the two TEHDGA molecules and a second nitrate will interact with the acidic 
hydrogen of one of the neutral HEH[EHP] molecules. In geometry C the third nitrate anion resides 
in the outer coordination sphere between one TEHDGA and one HEH[EHP] molecule. However, 
the bond lengths suggest that the third nitrate reacts with the acidic hydrogen from the other 
HEH[EHP] molecule in the complex to form a molecule of HNO3 that hydrogen bonds to the 
coordinated oxygen of the HEH[EHP] (Figure 5.8). In complex C one inter-HEH[EHP] hydrogen 
bond remains intact and the (HEH[EHP])2 dimer is coordinated to the metal in a bidentate fashion. 




𝑀3+ + 3 𝑁𝑂3− + 2 𝑇𝐸𝐻 𝐺𝐴̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + (𝐻𝐸𝐻[𝐸𝐻 ])2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ ⇌ 𝑀(𝑇𝐸𝐻 𝐺𝐴)2(𝐻(𝐸𝐻[𝐸𝐻 ])2) · 2𝑁𝑂3 · 𝐻𝑁𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(5.11) 
 
In geometry D, similar to geometry C, one nitrate remains in the inter-TEHDGA cleft, a second 
nitrate hydrogen bonds to one fully-protonated HEH[EHP] molecule, and one of the hydrogen 
bonds between HEH[EHP] monomers remains intact. However, in complex D the HEH[EHP] 
dimer becomes monodentate. The HEH[EHP] monomer that hydrogen bonds to nitrate is rotated 
away from the Eu and does not coordinate to the metal center. Instead the third nitrate anion moves 
into the inner coordination sphere to give an 8-coordinate complex. Highlighting this change in 
nitrate coordination, the equilibrium for the formation of complex D can be written as 
 𝑀3+ + 3 𝑁𝑂3− + 2 𝑇𝐸𝐻 𝐺𝐴̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + (𝐻𝐸𝐻[𝐸𝐻 ])2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅  ⇌ 𝑀(𝑁𝑂3)(𝑇𝐸𝐻 𝐺𝐴)2(𝐻2(𝐸𝐻[𝐸𝐻 ])2) · 2𝑁𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (5.12) 
 
Functionally, the low energy complexes with geometries C and D form by sharing an acidic 
hydrogen between a HEH[EHP] molecule and a nitrate ion in the organic phase. 
Stoichiometrically, complexes C and D are indistinguishable, they match our experimentally 
determined speciation of the organic phase complex, and they present similarly favorable 
complexation energies compared to the other complexes studied.    
 Complexation-driven HEH[EHP] proton transfer to create hydrogen bonded HNO3 in the 
organic phase is an intriguing reaction mechanism for trivalent f-element extraction in the ALSEP 
process. It explains the observed synergistic enhancement to the extraction caused by HEH[EHP] 
addition, the observed stoichiometry under common extracting conditions, the eventual loss of 
HEH[EHP] dependence at very high aqueous acidities,31 and is further supported by FTIR studies 
of Eu extracted from 3 M HNO3 into TEHDGA/HEH[EHP]/n-dodecane.18 Moreover, the predicted 
stabilization of HNO3 in the organic phase is not surprising. The ability of HEH[EHP] to extract 
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nitric acid on its own is known (Supplementary Figure 5.S3) and the coextraction of nitric acid 
with An(NO3)3 or Ln(NO3)3 has been reported for bifunctional extractants such as octyl(phenyl)-
N,N-diisopropylcarbamoylmethanephosphine oxide (CMPO),54,55 malonamides,56 and the 
diglycolamides TODGA and TEHDGA.20,57 In the ALSEP process, the non-dissociated acidic 
hydrogens of HEH[EHP] appear to exert a stabilizing influence on the extracted complexes, 
enabling the formation of f-element-TEHDGA-HEH[EHP] complexes under conditions where 
HEH[EHP]’s conventional metal-proton exchange equilibrium is strongly hindered.   
5.6 Conclusions 
 Our studies conclusively demonstrate the formation of a previously suspected mixed 
trivalent f-element–TEHDGA/HEH[EHP] complex in the organic phase under the acidic 
extracting conditions of the ALSEP process (2 – 4 M HNO3). The mutual presence of a strong 
neutral extractant and a weakly acidic extractant in the ALSEP organic phase provides unique 
opportunities for synergistic extraction of An3+ and Ln3+ from aqueous molar nitric acid solutions. 
As a more basic extractant, the dialkylphosphonic acid HEH[EHP] in the ALSEP system displays 
different behavior than the dialkylphosphoric acid HDEHP in similar mixed extractant 
systems.11,43,58 HEH[EHP] does not appear to undergo deprotonation when it cooperates with 
TEHDGA to extract trivalent lanthanide or actinide nitrates under the ALSEP process extracting 
conditions. While the strongly acidic aqueous phases inhibit deprotonation of HEH[EHP], the 
relatively high concentration of HEH[EHP], strong PO-M bonds, a smaller coordination footprint 
(mono or bidentate (HEH[EHP])2 vs. tridentate TEHDGA), and an ability to hydrogen bond with 
nitrate anions work together to boost the stability of the mixed M(TEHDGA)2(HEHEHP)2∙3NO3 
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6.1 Abstract  
Yield Sooting Index (YSI) measurements have shown that oxygenated aromatic 
compounds (OACs) tend to have lower YSI than aromatic hydrocarbon (AHC) compounds. For 
example, typical AHCs such as toluene and ethyl benzene have a YSI of 170 and 216, respectively, 
in contrast, OACs such as phenol and anisole have a YSI of 81 and 111, respectively. However, 
this trend is not always true as was observed for the structural isomers 1-phenylethanol (1PE, 
YSI=142) and 2-phenylethanol (2PE, YSI=207), where 2PE contains a YSI more representative 
of AHCs than OACs. We applied flow reactor experiments and density functional theory (DFT) 
calculations to examine how oxygen functionality present in 1PE and 2PE alters the reaction  
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pathways leading to the observed difference in soot formation. It was determined that the proximity 
of the oxygen functional group to the aromatic ring determines whether the oxygen remains 
attached to the primary reacting species (for 1PE) or is eliminated early in the combustion sequence 
(for 2PE). For these alcohols, preservation of the oxygen in the molecule leads to further OACs, 
while loss of the oxygen leads to AHCs and benzyl radical. The direct pathways to AHCs and 
benzyl radical result in the higher YSI observed for 2PE. 
6.2 Introduction 
 Soot formation from the combustion of diesel and gasoline fuels is a major concern as soot 
particles have been shown to cause adverse human and environmental health effects [1-3]. 
Therefore, it is imperative to investigate cleaner burning fuels. A major component in petroleum 
refinery blendstocks are aromatic compounds, which are often used to improve fuel properties 
such as boosting octane number or lowering the vapor pressure [4]. However, the presence of 
aromatic compounds leads directly to increased soot formation as has been observed 
experimentally and through quantitative structure-activity relationship (QSAR) predictions of the 
Yield Sooting Index (YSI) [5-8]. Oxygenated hydrocarbons (such as those derived from biomass) 
can help to reduce sooting propensity while retaining many of the beneficial properties of aromatic 
fuel components [9].  
The performance-advantage aspect of oxygenated aromatic compounds is attributed to 
partially oxidized carbon atoms that hinder formation of soot precursors or remove carbon atoms 
bound to oxygen from the pool that can form soot precursors [10-12]. While prior studies have 
investigated the propensity of soot formation from various oxygenated aromatic compounds [13, 





investigated the effects of chemical structure and reactivity on the chemical reactions leading to 
soot precursor formation. On the basis of YSI measurements, oxygenated aromatics have been 
shown to reduce the amount of soot formation compared to their aromatic hydrocarbon counterpart 
in most cases [15]. For example, the compounds toluene, xylene, and ethylbenzene all measure 
above 170 on the YSI scale indicating the production of a large amount of soot. While, phenol, 
methoxybenzene, and 2-ethylphenol have YSI values of 120 or below. However, there has been 
little investigation into how the soot precursor formation reaction pathways are altered with the 
addition of aromatic oxygen functionality. The only known study into the relation between oxygen 
functionality and sooting propensity of oxygenated aromatics was conducted by Zhou et al. [14] 
in which they found the oxygen functional group lowered emissions the further it was from the 
aromatic ring. However, this was later refuted and the opposite was found to be true, where 
emissions were lower when the oxygen functionality was closer to the aromatic ring [16]. Indeed, 
a review of the sooting tendencies of alkylphenyl alcohols show there is an approximate increase 
in YSI by ~40 units per carbon atom the alcohol functional group is removed from the ring (see 
Supporting Information, Fig. 6.S1). 
 The oxygenated aromatic compound, 2-phenylethanol (2PE), has been studied as a 
replacement to common aromatic hydrocarbons since 2PE is a chemical derived from biomass[17] 
and has desirable fuel properties such as high heat of vaporization and high octane number [18-
20]. However, the measured YSI of 2PE (207) is more representative of aromatic hydrocarbons 
such as ethylbenzene (YSI=216) or styrene (YSI=174) than oxygenated aromatics. However, the 





significantly lower than 2PE. As shown in Fig. 6.1, the only difference between the two isomers 
is the position of the alcohol, a primary alcohol for 2PE and a secondary alcohol for 1PE.  
  
Figure 6.1 Molecular structures and bond dissociation enthalpies (BDE, using G4 in kJ/mol) of 
1PE and 2PE. Only BDEs less than 400 kJ/mol are shown, see Fig. 6.S2 for all BDEs.   
 
 The objective of this work was to investigate how the difference in location and nature of 
the alcohol functional group of 1PE and 2PE affects soot precursor formation and to elucidate why 
the structural isomers have significantly different YSI. Flow reactor experiments and density 
functional theory (DFT) calculations were performed to determine the primary soot precursor 
(combustion products containing one aromatic ring) formation pathways of the two isomers and 
gain insight into the possible skeletal reaction mechanisms leading to the formation of these soot 
precursors. Analysis of the identity and the reaction pathways of the dominant soot precursors 
provides a chemical mechanistic understanding for the difference in sooting tendency for the 
phenylethanol isomers. Ultimately this work promotes the improved design of next-generation 
low-emission and high-performance oxygenated fuels from biomass. 
6.3 Experimental and Computational Methods 
6.3.1 Flow Reactor Experiments 
Flow reactor experiments were carried out in a straight quartz tube (0.5” diameter and 29” 
long) that was heated from 800K to 1200K in a ceramic furnace as previously reported [21]. The 





inlet via mass flow controllers and the effluent at the reactor outlet was directly sampled into a 
dual gas chromatographic (GC) system using a heated, inert, transfer line for analysis of the 
products. The fuel was introduced using a syringe pump at 10 microliters per minute (uL/min), 
(nominally 250 ppm) where the helium flow was adjusted from 5 standard liters per minute (slm) 
up to 8 slm to achieve a nominal residence time of 0.2s, and the oxygen flow was 6.2x10-3 slm to 
achieve a phi of 3. A phi of 3.0 is used as this condition has previously been shown to be relevant 
for soot formation chemistry in combustion processes [22]. Additionally, simulations of the YSI 
flame with a detailed kinetic mechanism containing soot formation have shown local equivalence 
ratios from phi=2 to 6 where soot is produced [23]. The first system in the dual GC setup is a 6890 
Series II GC (Agilent Technologies) which contains two identical DB-1 60m x 0.25µm x 0.25 µm 
columns; one is connected to a mass spectrometer (MS) for identification of products, and the 
second is connected to a flame ionization detector (FID) for quantitation of species containing four 
or more carbon atoms. The second GC is equipped with three columns and three detectors; an FID 
connected to a Restek AluminaBond Na2SO4 column (30m x 0.32µm x 5µm) is used to quantitate 
the light gas species containing fewer than four carbon atoms, and two thermal conductivity 
detectors (TCD) are used to quantitate CO via a Restek RT Msieve column (30m x 0.53µm x 50 
µm)  and CO2 via a Varian CP PoraBOND Q column (50m x 0.32µm x 5 µm). 
6.3.2 Computational Methods 
 Quantum mechanical calculations were performed on all reactants, products, intermediates, 
and transition states, and several important radical species using Gaussian 16 vA01 [24]. Geometry 
optimizations along the reaction pathways were conducted with the hybrid GGA B3LYP density 





presence of one imaginary frequency and intrinsic reaction coordinate (IRC) calculations were 
performed to relate the relevant reactant and product complexes to the observed TS. In addition to 
DFT calculations, composite ab initio G4 method energy calculations were performed for all 
stationary points [25]. Bond dissociation calculations were likewise computed using the G4 
composite method. The G4 composite theory has been shown to be one of the most accurate 
methods in benchmarking studies where it was compared to the Active Thermochemical Tables 
and determined to compute highly accurate dissociation energies with 4.5 and 6.2 kJ/mol 
confidence intervals compared to experimental formation enthalpies for open- and closed-shell 
species, respectively [26, 27]. Additionally, the accuracy of transition state calculations computed 
using the G4 method has previously been assessed and a mean unsigned deviation of 1.36 kcal/mol 
was determined for 76 barriers heights [28]. All reaction energies are reported using the G4 
composite theory and correspond to the G4 free energy.  
6.4 Results and Discussion 
 The results of the flow reactor experiments are shown in Fig. 6.2. Measured mole fraction 
for the reactants vs. temperature is presented in Fig. 6.2a. Note that the reaction of 1PE is much 
faster than 2PE as can be observed by significant 1PE conversion even at 800K, considerably 
reducing the starting concentration of 1PE versus 2PE. For example, there is already a significant 
amount of aromatic hydrocarbons (AHCs) formed at 800K (Fig. 6.2c, all AHC formation is due to 
rapid conversion of 1PE into styrene as no toluene was detected).  Higher reactivity of 1PE can be 
attributed to the dominance of unimolecular reactions and the overall lower BDEs compared to 
2PE (Fig. 6.1), however, the difference in reactivity is unexpected and could be the topic of future 





1PE and 2PE are presented in Fig. 6.2b and 6.2c, respectively (only compounds with an average 
carbon yield greater than 1% across all temperatures were considered in this analysis). For 1PE, 
the primary OACs reported are acetophenone and benzaldehyde and are produced in much higher 
yields across all temperatures than the primary OACs produced from 2PE (phenylacetaldehyde 
and benzaldehyde), and the individual compounds for 1PE and 2PE are shown in Fig. 6.S3a. The 
decomposition of OACs of both PE isomers is observed at 1000K and coincides with increased 
formation of benzene and CO, shown in Fig. 6.2d. This is in agreement with previously proposed 
mechanisms of OAC decomposition into benzene and CO [29]. The major AHCs detected for both 
isomers are styrene (YSI=174) and toluene (YSI=171) which have been previously studied as 
precursors to polycyclic aromatic hydrocarbons (PAHs) and soot [30]. Formation of AHCs for 
1PE is initially higher than 2PE due to the faster rate of reaction, however at 1000K 2PE reacts 
into more AHCs than 1PE as shown in Fig. 6.2c (individual compounds for 1PE and 2PE are 
shown in Fig. 6.S3b). The formation of AHCs from 1PE decreases above 1000K as the AHC 
formation reactions, mainly dehydration forming styrene, compete with formation pathways for 
OACs and the AHCs produced react further to larger (>10 carbon atoms) products as shown in Fig 
6.S4. The greater formation of OAC soot precursors for 1PE and the larger formation of AHC soot 
precursors for 2PE at higher temperatures indicate that the oxygen atom of 2PE is not retained in 
the molecule while it is retained for 1PE, consistent with the higher observed YSI for 2PE than 
1PE.  
DFT calculations were performed to gain further insight into the combustion pathways of 
1PE and 2PE leading to the experimentally observed OACs and AHCs. The unimolecular thermal 





al.[31], Taylor[32], and Chuchani et al.[33, 34] and a chemical kinetic model has been developed 
by Shankar et al.[18]. Sakai et al. concluded the dominant reaction pathways for 2PE are the 
dehydration reaction forming styrene and the elimination reaction forming toluene with energy 
barriers of 269.0 and 361.5 kJ/mol, respectively (calculated at CBS-QB3), and our calculations 
showed similar energies using G4; 270.8 and 362.7 kJ/mol, respectively (Fig. 6.3a). Additionally, 
 
Figure 6.2 (a) Measured mole fraction of the reactant fuels: 1PE (green) and 2PE (black). (b) 
Summation of the mole fractions measured for primary oxygenated aromatic compounds (OAC) 
produced from 1PE (benzaldehyde and acetophenone, green line) and 2PE (benzaldehyde and 
phenylacetaldehyde, black line). (c) Summation of the mole fractions measured for primary 
aromatic hydrocarbons (AHCs), styrene and toluene, produced from 1PE (green line) and styrene 
and toluene, produced from 2PE (black line). (d) Formation of carbon monoxide (black and green) 
and benzene (red and blue) from 2PE and 1PE, respectively. The flow reactor results for the 
individual compounds comprising AHC and OAC traces for 1PE and 2PE are shown in Fig. 6.S3. 
 
Sakai et al. proposed a six-membered cyclic rearrangement reaction which has a lower 
energy barrier, 241.8 kJ/mol, than the dehydration reaction. While this result was confirmed by 
our calculations (247.2 kJ/mol, Fig, 6.3a Sakai Path), subsequent reactions after the six-membered 
























































































pursued in the present study [31]. Toluene can also be formed via bond cleavage (C-C bond BDE 
262.7 kJ/mol) to form benzyl radical and release of CH2OH, which upon loss of a H-atom forms 
formaldehyde. Benzyl radical, a resonantly stable radical, can abstract a hydrogen atom to form 
toluene or react with oxygen forming benzaldehyde (Fig. 6.3b) as previously reported [35, 36]. In 
addition, phenylacetaldehyde (PHAL) can be produced via dehydrogenation with an activation 
energy barrier of 364.3 kJ/mol and is one of the sootier products (YSI=218). However, the barriers 
for the concerted elimination pathways to form toluene or PHAL are quite high and are unlikely 
to be competitive with the much faster dehydration or bond cleavage reactions. 
 
Figure 6.3 Prominent reaction pathways of 2PE. (a) unimolecular elimination reactions and (b) 
bimolecular reactions starting with H-abstraction. Red dotted lines show bond breaking and 
forming in transition state structures. Red values are activation energy barriers and black values 
are product energies computed using the composite G4 theory (kJ/mol). All energies are G4 free 
energies (including BDE value). Unimolecular [1,2]H-shift rearrangements are shown as red lines. 
Values in green are experimental YSI. 
 
 The competing bimolecular reaction pathways of 2PE to form toluene, styrene, benzyl 
radical, and PHAL are shown in Fig. 6.3b. The energy calculations were simplified in that hydroxyl 
radical is considered to be the exclusive chain propagator since it is a primary oxidant under fuel 





(< 20 kJ/mol), as concluded by previous reports for H-abstraction reactions from n-butanol and 
toluene [37, 38], and produce 2PE_rad1, 2PE_rad2 and 2PE_rad3 with energies of -121.7, -111.1 
and -63.8 kJ/mol, respectively (Fig. 6.3b). The trend of radical species stability is in good 
agreement of C-H, C-H and O-H BDEs which are 377.3, 390.2 and 435.7 kJ/mol, respectively. 
Based on the barrier heights and A-factors derived from the analogous propanol abstraction 
reactions [39], it can be estimated that the branching ratio to 2PE_rad1 is approximately 0.8 and 
0.1 to each 2PE_rad2 and 2PE_rad3. The difference of thermodynamic radical stability of 
2PE_rad1 and 2PE_rad2 is only 10.6 kJ/mol and unimolecular [1,2]H-shift rearrangements from 
the more stable radicals (2PE_rad1 and 2PE_rad2) to the less stable species (2PE_rad3) are high 
(167.7 and 158.6 kJ/mol) compared to the reverse reaction (109.8 and 111.3 kJ/mol, respectively). 
However, the subsequent thermolysis reactions for the three 2PE radical intermediates are 
expected to proceed through paths with lower energy barriers than the H-shift rearrangements (Fig. 
6.3b). Therefore, we conclude that H-shift rearrangements between the three radicals will be 
negligible. Therefore, styrene is expected to be the dominant bimolecular product largely due to 
the greater rate of formation for 2PE_rad1. PHAL is expected to be derived from both 2PE_rad2 
and 2PE_rad3, while toluene and benzaldehyde are formed exclusively from 2PE_rad3 via the 
benzyl radical intermediate with formaldehyde as a co-product. Lastly, benzene can be produced 
through the 2PE_rad2 intermediate and upon further reaction of stable products via the formation 
of phenyl radical. 
 To summarize, low experimental yields of OACs were observed consistent with computed 
reaction pathways. PHAL is the major oxygenated product observed for 2PE, and it is expected 





PHAL is thus formed via bimolecular formation pathways (Fig. 6.3b). PHAL has a YSI of 218 
indicating a high propensity for soot formation. Indeed, further reaction of PHAL is likely to grow 
into benzofuran (reaction scheme shown in Fig. 6.S5) and other oxygenated PAHs or result in the 
formation of benzyl radical through C-C dissociation. The expected dominant reaction channel for 
2PE, unimolecular thermolysis of the C-C bond, removes the oxygen functionality from 2PE 
quickly hindering the formation of products containing oxygen. Therefore, benzyl radical (a 
resonantly stabilized radical) is the dominant radical species produced from C-C bond cleavage 
which can form toluene, benzaldehyde, or lead to quick growth of PAHs such as bibenzyl and 
naphthalene and eventually to soot particles [40] (Fig. 6.S4). Styrene is likely formed through both 
unimolecular and bimolecular pathways. Given the barrier for unimolecular dehydration is 
reasonably small (270.8 kJ/mol) the A-factor is modest (4 x 1013 s-1, assuming the analogous 
propanol A-factor [41]), it is likely the unimolecular pathway dominates the production of styrene. 
However, without a full kinetic model, which is beyond the scope of the current study, it is not 
possible to clarify the contribution from unimolecular and bimolecular pathways. The dominate 
products of 2PE that contribute to the large YSI of 207 are concluded to be styrene and the radical 
intermediate benzyl radical. This conclusion is in accord with previous studies on ethylbenzene 
where styrene and benzyl radical were the primary products determined from the two dominating 
combustion pathways.[42, 43] 
 Similar primary unimolecular elimination and bimolecular reactions for 1PE are shown in 
Fig. 6.4 and Fig. 6.S6 to compare with 2PE (Fig. 6.3). The lowest energy unimolecular elimination 
reaction of 1PE corresponds to a concerted dehydration mechanism forming styrene with an energy 





the second lowest reaction path with an energy barrier of 318.3 kJ/mol via Styr_int. This stepwise 
path is likely to be a minor contributor to the overall styrene production. The higher level of AHCs 
observed at low temperatures (<1000K) for 1PE in Fig. 6.2c is attributed to styrene formation with 
these low energy unimolecular reactions. Benzaldehyde can be formed via C-C bond cleavage 
(BDE is 262.0 kJ/mol) as a competing pathway. Concerted unimolecular elimination reactions can 
lead to produce benzaldehyde and acetophenone with 332.3 and 351.1 kJ/mol activation energy 
barriers, respectively. These oxygenated aromatic products can compete with the styrene pathways 
to mediate 1PE sooting tendency (YSI=142) between sootier aromatic product (styrene, YSI=174) 
and less sooty oxygenated aromatic products (benzaldehyde, YSI=119 and acetophenone, 
YSI=131).  
 
Figure 6.4 Prominent reaction pathways of 1PE. Notation is consistent with Fig. 6.3. Additional 
high energy reaction pathways leading to benzene are presented in Fig. 6.S6. All energies were 
calculated using G4 theory, are G4 free energies (including BDE value) and are reported in kJ/mol 
relative to 1PE. 
 
 Barriers for bimolecular H-abstraction reactions (via hydroxyl radical) of 1PE are also 





1PE_rad1, 1PE_rad2, and 1PE_rad3 with energies of -60.9, -153.0, and -77.7 kJ/mol, respectively 
(Fig. 6.4b). 1PE_rad2 is approximately 75 kJ/mol more stable than the other two radical species 
(1PE_rad1 and 1PE_rad3) because the C-H bond showed the lowest bond cleavage (350.3 kJ/mol) 
to give corresponding carbon-centered tertiary radical compared with the primary radicals formed 
from cleavage of the C-H and O-H bonds. Unimolecular [1,2]H-shift rearrangements barriers are 
also shown in Fig. 6.4b depicted by red lines connecting two radical species. The activation energy 
barriers from more stable radical species (1PE_rad2) for [1,2]H-shift rearrangements to the less 
stable radical species (1PE_rad1 and 1PE_rad3) are higher (189.9 and 216.9 kJ/mol, respectively) 
than the reverse reaction (97.8 and 141.6 kJ/mol). Similar to 2PE, the subsequent homolysis 
reactions of the three radical intermediates are expected to be considerably faster than the H-shift 
rearrangements due to the lower energy barriers associated with these reactions. A back-of-the-
envelope kinetic analysis of the analogous i-propanol reactions [39] indicate the 1PE_rad2 would 
form about 70% of the time, with 1PE_rad1 and 1PE_rad3 forming 20% and 10%, respectively. 
This would suggest that any bimolecular chemistry would predominantly form acetophenone with 
minor contributions to benzaldehyde and styrene (formed through the 2PE_rad1 pathway). 
Additionally, acetophenone can be produced through the oxidation of 1PE_rad1 as shown in Fig. 
6.S6, providing further evidence for the formation of acetophenone as the dominate bimolecular 
reaction product. 
 Combining both unimolecular and bimolecular pathways, 1PE forms high yields of OACs 
(benzaldehyde and acetophenone mainly) that compete with the formation of styrene and other 
AHCs. Additionally, no direct mechanism to benzyl radical is available for 1PE and the most stable 





tendency of 1PE (YSI=142) is a contribution of both high sooting precursors (primarily styrene) 
and low sooting precursors (benzaldehyde and acetophenone). In contrast, 2PE leads primarily to 
the production of sooty AHCs (styrene and toluene) and benzyl radical which further grow to 
PAHs, resulting in the observed higher YSI for 2PE (YSI=207). The underlying difference in YSI 
and soot formation between the two isomers is the presence or lack of oxygen functionality after 
initial reaction. Preserving the oxygen functionality leads to smaller carbon species (e.g. benzene 
and CO formed from subsequent combustion of benzaldehyde) while loss of the oxygen leads to 
AHCs with high YSI and resonantly stable radicals that quickly grow to soot precursors. Therefore, 
1PE contains a lower observed YSI due to the proximity of the alcohol group to the aromatic ring, 
making it more difficult to remove. The oxygen functionality of 2PE is two carbon positions away 
from the aromatic ring resulting in easy elimination of the alcohol group. Both experimental and 
theoretical results concluded in this study explain the larger YSI determined for 2PE than 1PE and 
elucidate why 2PE contains sooting tendencies more similar to common aromatic hydrocarbon 
fuels. These results can be further applied to a wide range of oxygen functional groups as our 
analysis demonstrates the importance of the position of the oxygen functional group with respect 
to emission property of aromatic compounds, when designing new biofuel candidates.  
6.5 Conclusion 
 In this study, we used a combination of flow reactor experiments and DFT calculations to 
elucidate how the oxygen functionality of 1PE and 2PE alters soot precursor formation pathways 
and determine why the isomers have different YSI. The proximity of the oxygen functionality to 
the aromatic ring is the underlying difference between the two isomers. For 1PE, the alcohol group 





alcohol group is two carbon positions removed from the aromatic ring and is easily eliminated 
upon the initial bond dissociation or elimination reactions. The preservation of oxygen 
functionality for 1PE and not for 2PE accounts for the dramatic difference in YSI for the two 
isomers. The results of this study can further aid in the design of alternative gasoline and diesel 
(bio)fuels with improved emissions. These types of functionality are present in a lot of biomass-
derived (especially lignin) sources and understanding their soot formation pathways will be 
important for their incorporation in transportation fuels. While conventional wisdom might suggest 
that more oxygen content in fuels would lower sooting tendency, 2PE is a cautionary tale that this 
is not always the case. So future fuels will need to consider whether oxygen moieties will follow 
aromatic rings down their pyrolysis pathways, and perhaps design conversion technologies 
accordingly. 
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Figure 6.S2 Bond dissociation enthalpies (BDE, using G4 in kJ/mol) of 1PE and 2PE. 
 
 
Figure 6.S3 Measured mole fraction vs. temperature (K) for the individual compounds included in 
(a) OACs and (b) AHCs discussed in the text. OACs include benzaldehyde and acetophenone for 




Figure 6.S4 Formation of products containing 10 or more carbon atoms produced from 1PE (left) 








Figure 6.S5 Reaction pathway for formation of benzofuran from 2PE through phenylacetaldehyde. 





Figure 6.S6 Additional high energy reaction pathways for 1PE leading to the formation of benzene 
and oxidation reaction forming acetophenone from 1PE_rad1. Green values are YSI, black values 
are product energies, and red values are transition state energy barriers calculated at G4. 
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7.1 Abstract 
Small aromatic molecules with oxygen-containing functional groups are a promising class 
of fuel additives, as they can be readily sourced from depolymerized lignin. These oxygenated 
aromatic compounds (OACs) show a lower sooting tendency than aromatic hydrocarbons, but 
OACs having alkyl groups such as ethylphenol show a higher sooting tendency than other OACs 
such as phenol and anisole, despite the oxygen moiety. In this study, we investigate the relationship 
between chemical structure and soot precursor formation to explain observed differences in the 
sooting tendency of OACs and to gain insight into how alkyl or oxygenated substituents on the 
aromatic ring affect soot precursor formation. The weakest bond for 15 aromatic compounds was 
identified and cleavage of these bonds was shown to generate either benzyl or phenoxy radicals.  
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A linear relationship between standard enthalpy of formation (∆Hfo) of these radicals and the yield  
sooting index (YSI) was found, and thus ∆Hfo can be applied as a metric to estimate YSIs of various 
aromatic compounds; higher ∆Hfo of a radical indicates an increase in the radical reactivity and 
leads to more soot precursor formation. Flow reactor experiments were performed for 2-
ethylphenol and 3-ethylphenol to elucidate how ortho and meta substitution effects the sooting 
tendency. Soot precursors were identified from the experiment and their formation pathways were 
investigated computationally. 2-ethylphenol produces more oxygenated products than 3-
ethylphenol since the ortho position has increased resonance stabilization of radical intermediates, 
which leads to lower YSI. These results further inform the selection of potential biomass-derived 
fuel blendstocks that have favorable sooting tendencies. 
7.2 Introduction 
 Aromatic compounds have been widely utilized in fuels to improve combustion-related 
properties such as higher combustion temperature and octane number[2-5]. However, the use of 
aromatic hydrocarbons (AHCs), such as toluene and xylenes, can increase fuel emissions and soot 
particle formation[2-5]. High levels of soot particles in the air causes pollution and adverse human 
health effects[6-8]. In this regard, significant effort has been directed towards investigating fuels 
that maintain engine performance while also minimizing the formation of soot during combustion 
processes. Development of fuels with low soot formation requires accurate measurement and 
reliable quantification of the sooting tendency of compounds. McEnally and Pfefferle introduced 
the yield sooting index (YSI) which can be applied to a wide range of compounds[9, 10]. 
Additionally, quantitative structure-activity relationship (QSAR) models have also been developed 






Figure 7.1 Schematic portraying how aromatic compounds with varying substituents (left) lead to 
different resonance-stabilized radical (RSR) species (middle) upon dissociation of the weakest 
bond. The prominent pathways from RSRs to soot precursor formation are also shown (right). The 
lowest BDEs calculated with ALFABET[1] are written in red (kJ/mol). Experimental YSI of each 
aromatic compound is written in black. 
 
 Among fuel candidates, oxygenated aromatic compounds (OACs) have gained significant 
attention due to their potential for mitigating soot formation compared to AHCs, despite the 
negative influences of oxygen on fuel properties[13]. YSI values have been measured for various 
AHCs and OACs and several examples are shown in Fig. 7.1[12, 14]. These aromatic compounds 
can be categorized in terms of the resulting radical formed by breaking the weakest bond: benzyl 
or phenoxy radicals. In regard to this classification, previous studies have proposed several soot 
precursor formation mechanisms stemming from benzyl and phenoxy radicals[15-18]. Sinha et al. 
showed a comprehensive mechanistic study of polycyclic aromatic hydrocarbon (PAH) formation 
from benzyl and indenyl radicals[15]. Johansson et al. proposed the mechanism so-called 





and growth from a pool of resonance-stabilized radicals (RSRs)[16]. Both studies reported that the 
PAH formation from RSRs produced from AHCs occurs with a low barrier (0-85 kJ/mol), in line 
with higher YSI of AHCs (Fig. 7.1). 
 On the other hand, for OACs, cyclopentadienyl radical is a main contributor of PAH 
formation; it is produced from CO elimination from phenoxy radical whose reaction barrier is 
about 210 kJ/mol (Fig. 7.1)[17]. Benzofurans have also been reported as soot precursors produced 
from phenoxy species[18]. A detailed mechanistic study of the reaction pathways was performed 
for specific OACs such as benzyl alcohol[19] and 2-phenylethanol[20], which results in soot 
precursors such as toluene, benzaldehyde and dibenzofuran. However, the effect of secondary 
aromatic substituents and their positions (ortho, meta, and para) on YSI has received less attention, 
and could play a significant role in not only improving fuel properties[21, 22], but also in altering 
the reaction pathway related to soot deposition. As shown in Fig. 7.1, small structural differences 
can cause large changes in YSIs, as was reported for the methylcyclohexene isomers[23]. In other 
words, scrutinization of these structural effects can lead to the rational design of OACs toward less 
soot formation. 
 In this study, we investigated a relationship between YSI and standard enthalpy of RSRs 
of aromatic compounds to gain insight into the influence of substituents on sooting tendency. Flow 
reactor experiments were performed for 2-ethylphenol (2EP) and 3-ethylphenol (3EP) to study the 
effect of substitution position. Residence time and temperature were selected to be longer and 
lower, respectively, than conditions leading to soot formation to focus on soot precursor formation, 





Finally, quantum-chemical calculations were carried out to elucidate the primary combustion 
pathways of 2EP and 3EP to the observed experimental flow reactor products.  
7.3 Methods 
7.3.1 Computational Methods 
The weakest bond in aromatic compounds was identified and its bond dissociation enthalpy 
(BDE) was calculated using the ALFABET (A machine-Learning derived, Fast, Accurate Bond 
dissociation Enthalpy Tool)[1]. All the quantum-mechanical calculations were carried out using 
the Gaussian 16 program suite[24]. The hybrid GGA B3LYP density functional and the 6-
31G(2df,p) basis set were employed to optimize all structures. Transition states were validated by 
the existence of one imaginary frequency and intrinsic reaction coordinate (IRC) calculations were 
conducted to find the relevant reactant and product complexes for each transition state. Composite 
G4 method energy calculations were performed on all stationary points[25]. It has been shown to 
give highly accurate formation enthalpies with 4.5 and 6.2 kJ/mol confidence intervals for 38 open- 
and 45 closed-shell species, respectively, compared to experimental ones[26]. The GoodVibes 
program[27] was utilized to calculate free energies at a high temperature (1000 K). 
7.3.2 Flow Reactor Methods 
 Flow reactor experiments were conducted in a straight quartz tube (1.3 cm diameter and 
73.7 cm long) that was heated from 800K to 1150K in a ceramic furnace. The length of heated 
zone of the furnace is 71.1 cm.  Helium and oxygen were introduced at the reactor inlet via mass 
flow controllers. A syringe pump at 10 microliters per minute was used to introduce the fuel. To 
keep a nominal residence time of 0.2s, the helium flow was adjusted from 5 standard liters per 





corresponding to a phi of 3. This phi value was chosen to simulate the fuel rich zones of a diesel 
spray in which both pyrolysis and combustion occur. It is within the range of local phi (2 to 6) 
where soot precursors are formed, according to the recent results from the flame simulations using 
a kinetic mechanism including a soot precursor formation model[28]. To analyze the products, the 
effluent at the reactor outlet was directly sampled into a dual gas chromatographic (GC) system 
using a heated, inert, transfer line. For setup of the dual GC, a 6890 Series II GC (Agilent 
Technologies) was used as the first system which contains two identical DB-1 60m x 0.25µm x 
0.25 µm columns; One column is connected to a mass spectrometer (MS) for identifying products 
and the second to a flame ionization detector (FID) to quantify species having four or more carbon 
atoms, respectively. The second GC (GC2) consists of three columns and three detectors; To 
measure CO and CO2, two thermal conductivity detectors (TCD) were utilized with a Restek RT 
Msieve column (30m x 0.53µm x 50 µm) and Varian CP PoraBOND Q column (50m x 0.32µm x 
5 µm), respectively. Other light gas species containing fewer than four carbon atoms were 
quantitated using an FID connected to a Restek AluminaBond Na2SO4 column (30m x 0.32µm x 
5µm). Quantitation of species in the GC/MS was performed using n-heptane as calibrant and the 
effective carbon number method [29]. Light gas species from GC2 were quantitated directly with 
purchased gas standards. Duplicate experiments were performed in the temperature range of 900K 
to 1150K to determine the experimental variability of the analysis at constant dilution. 
7.4 Results and Discussion 
The BDEs of aromatic compounds were evaluated using the ALFABET and cleavage of 
the weakest bond is performed to identify the dominant RSRs produced (Fig. 7.1)[1]. The standard 





for a broader scope of aromatics presented in Fig. 7.1. From the definition of BDE, Hf,RSRo can 
be calculated as: Hf,RSRo=HBDE+Hf,parento-Hf,H/CH3o, where HBDE is the weakest BDE, and 
Hf,parento and Hf,H/CH3o are the standard enthalpy of formation of the parent aromatic compound 
and the secondary radical counterpart (either H or CH3), respectively. The Hf,parento and Hf,H/CH3o 
values were obtained from the NIST database[30]. The Hf,RSRo can be a metric for stability of 
radicals and therefore radical reactivity; higher Hf,RSRo indicates more tendency to undergo 
exothermic reactions, thus it is related to higher reactivity in terms of thermodynamics. The 
relationship between Hf,RSRo and YSI of the parent compound is shown in Fig. 7.2; interestingly, 
a clear positive correlation exists with the R2 value of 0.93 for the 15 compounds. In addition, it 
showed a clear grouping of compounds in terms of the dominant RSRs shown in Fig. 7.1: low 
Hf,RSRo for alkoxy-substituted phenoxy radical, moderate Hf,RSRo for alkyl-substituted phenoxy 
and hydroxyl-substituted benzyl radicals, and high Hf,RSRo for alkyl-substituted benzyl radicals. 
It should be noted that Hf,RSRo is theoretically derived not as a competing metric with YSI, but as 
one which gives atomistic insights on soot precursor formation to help explain the measured YSI 
of certain compounds. This metric can be applied across different resulting RSRs including benzyl 






Figure 7.2 Experimental yield sooting index (YSI) normalized by molecular weight vs. standard 
enthalpy of formation calculated for the various resonance-stabilized radicals (RSRs) produced 
upon dissociation of the weakest bond (marked as red) of the molecules shown in Fig. 7.1. 
 
 
Figure 7.3 The flow reactor results for 2EP and 3EP at a temperature range of 800K to 1150K. (a) 
Percent carbon yield of 2EP (red) and 3EP (blue). (b) Summation of the percent carbon yield of 
primary oxygenated aromatic compounds (OAC) and benzofurans produced from 2EP (OACs are 
phenol, 2-methylphenol, 2-methylbenzaldehyde shown as black line and benzofurans are 
benzofuran, dihydrobenzofuran, and dibenzofuran shown as red line) and 3EP (OACs are phenol 
and 3-methylphenol as the green line and benzofurans are just dihydrobenzofuran as the blue line). 
(c) Summation of the percent carbon yield of primary aromatic hydrocarbons (AHCs: toluene, 
ethylbenzene and styrene) produced from 2EP (red line) and 3EP (blue line). (d) Formation of 







Although the relationship between reactivity of RSRs and YSI was found, further 
mechanistic investigation of soot precursor formation pathways is required to account for the 
influence of substituent positions on YSI. For example, the Hf,RSRo of 2-, 3-, and 4-ethylphenol 
is similar, while they showed some distinction in YSIs (Fig. 7.2). In this regard, flow reactor 
experiments were performed for 2EP and 3EP to investigate the primary combustion products and 
gain insight into the dominant soot precursor formation pathways. Results from the flow reactor 
experiments are presented in Fig. 7.3. Of note, the observed ‘aromatic soot precursors’ are not 
merely aromatic ‘products’, but those which can participate in further growth into soot, thus 
observing the distribution of soot precursors leads to explanation of actual sooting tendency, i.e. 
YSI. The rate of fuel consumption is shown in Fig. 7.3a, 2EP is observed to react at a faster rate 
than 3EP. The major OACs, benzofurans, and AHCs observed from 2EP and 3EP are presented in 
Figures 7.3b and 7.3c respectively. At 1000 K, the major OACs for 2EP are phenol, 2-
methylphenol, 2-methylbenzaldehyde with a carbon yield of 16.5%, in contrast 3EP produces only 
a scarce amount (1.3% carbon yield) of OACs: phenol and 3-methylphenol. The benzofurans 
obtained from 2EP are benzofuran, dihydrobenzofuran, and dibenzofuran while only 
dihydrobenzofuran is formed from 3EP; similar yields of benzofurans are observed from both 
isomers across all temperatures (Fig. 7.3b). 
 Fig. 7.3c shows the yield of AHCs (toluene, ethylbenzene and styrene) formed from 2EP 
and 3EP. Low production of AHCs was measured (<10% carbon yield) for both isomers at a 
temperature below 1150K, whereas at 1150K more AHCs were obtained from 3EP (10.8%) than 
from 2EP (6.3%). Besides the AHCs, formation of benzene can be understood in conjunction with 





of CO increases, a higher yield of benzene is observed for both 2EP and 3EP, especially above 
1000K. While the trends in product distribution are clearly shown in Fig. 7.3, there exists non-
monotonicity of carbon yields upon increasing temperature, particularly for the products formed 
from 2EP at temperatures above 1075K (Fig. 7.3). In addition, the reproducibility of the 
experiments also needs to be verified. In this regard, duplicate experiments were performed, and 
the carbon yields were compared with the first experiment, as shown in Figures 7.S1 and 7.S2 
(Supporting Information).  
 The non-monotonicity at high temperature (>1075K) for the 2EP case was reproduced in 
the duplicate experiment (Figure 7.S1). This is likely due to products having high molecular weight 
with three or more aromatic rings that cannot be detected by our current analytical instrumentation, 
leading to poor carbon balance at high temperatures (total % carbon yield of 67.4-82.2%, Table 
7.S1). Even though formation of polycyclic compounds causes some irregularity of the data, the 
two experimental runs demonstrated good reproducibility (Figures 7.S1 and 7.S2). In terms of the 
individual products, the standard deviation of carbon yield over two experiments is less than 2.0 
percentage points for most cases; only 29 cases out of 594 data points showed higher deviation 
(Tables 7.S1 and 7.S2). Mean standard deviation of the 594 data points is 0.47 percentage points; 
since all the experiments were performed at constant dilution, it can be assumed that there is a 
negligible systematic error due to the experimental setup, and these results can be reproduced with 
low indeterminate error.  
The different product distributions for the two isomers indicate that variation in the 
substitution position can change the soot precursor formation mechanisms. Quantum-chemical 





for formation of soot precursors. Figures 4a and 4b illustrate the proposed pathways to form 
primary products detected in the flow reactor experiments of 2EP and 3EP, respectively, and the 
corresponding energetics calculated at 1000K. Table 7.S3 provides abbreviated notation, InChI 
and 2D structure of the chemical species introduced in Fig. 7.4. Two assumptions were applied in 
calculating reaction energetics; first, the hydroxyl (OH) radical is involved in the generation of 
parent fuel radicals through abstraction reactions at the initiation stage of each pathway. It was 
also reported as a primary contributor of radical reactions in previous studies[31-33], therefore in 
analyzing energetics, evaluation of relative free energy (G) for each abstraction reaction is more 
reliable than comparing BDEs. Second, after initiation by abstraction reactions, unimolecular 
decomposition mechanisms were mainly considered as subsequent reactions except for a few steps, 
because these types of reactions are reported as the dominant reactions in fuel-rich conditions [34]. 
For 2EP (Fig. 7.4a), the reaction is initiated with cleavage of either the C-C bond in the ethyl group 
or O-H bond in the hydroxyl group. The C-C bond is the weakest with BDE of 331.0 kJ/mol 
whereby cleavage forms the benzyl radical 2EP_r1 and methanol (CH3OH) with G of -102.7 
kJ/mol. On the other hand, the O-H bond is the second weakest bond that has a BDE of 359.8 
kJ/mol; cleavage of this bond leads to the phenoxy radical 2EP_r2 with water (H2O) and this 
reaction is -154.4 kJ/mol exothermic. After bond dissociation, the pathways leading to soot 
precursors are propagated from either benzyl or phenoxy radicals producing 2-
methylbenzaldehyde (2MBA), 2-methylphenol (2MP), phenol, benzofurans, toluene or benzene. 
The benzyl radical 2EP_r1 can receive a hydrogen radical from the CH3OH to obtain 2MP and 
hydroxymethyl (CH2OH) radical, with a G of -70.6 kJ/mol. Phenol can also be obtained from 





to form 2EP_r3 with an activation free energy (G‡) of 134.0 kJ/mol. Next, ethylene is released 
with a G‡ of 142.8 kJ/mol, resulting in the radical species Phenol_r1 which subsequently 
produces phenol through addition of a hydrogen radical. 2MBA is observed only in the flow 
reactor experiments for 2EP. It was also obtained with a maximum yield among OACs in flow 
reactor experiments (11.3% carbon yield out of 16.5% OACs at 1000K, Fig. 7.3b). The CH2OH 
radical released from 2MP formation can react with the benzyl radical 2EP_r1, which leads to 
2MBA_I1. It should be noted that this addition reaction is not possible for 3EP due to inability of 
having resonance structures shown in the 2EP_r1. Dissociation of 2MBA_I1 into 2MBA_I2 and 
OH radical occurs with a G of 85.1 kJ/mol. Finally, a hydrogen shift from the hydroxymethyl 
group to the methylene group leads to 2MBA_I3 with a G‡ of 129.7 kJ/mol, then loss of the OH 
hydrogen produces 2MBA.  
Benzofuran (BF) and dihydrobenzofuran (DHBF) are other products obtained from 2EP; 
either ethylene or acetylene released during phenol production can be added to 2EP_r2 and can 
undergo ring-closing reactions to form five-membered ring intermediates. Subsequent reactions 
involve release of the ethyl radical, producing BF or DHBF[18]. The overall G‡ of pathways for 
BF and DHBF formation are 231.6 and 270.4 kJ/mol, respectively. On the other hand, at 
temperatures above 1050K, more abundant AHCs including toluene and benzene were detected 
(Figures 7.3c and 7.3d). This is attributed to CO elimination reactions from phenoxy radicals 
2EP_r2 and 2EP_r4, resulting in substituted cyclopentadienyl radicals CP_r1 and CP_r2 after 
several steps. These radicals subsequently produce toluene and benzene, respectively, through 
further rearrangements. The G‡ was calculated only for the reaction step undergoing formation 







Figure 7.4 Reaction diagram detailing the various mechanisms for (a) 2- and (b) 3-ethylphenol 
leading to the primary products observed in flow reactor experiments. Some key chemical species 
are named based on the following notation rules; ‘r’ indicates the radicals formed by bond 
dissociation, and ‘I’ denotes the intermediates formed by chemical transformations. The first, 
second and third weakest bonds and their BDEs are denoted as red, blue and magenta, respectively. 
Free energies of the intermediates, transition states and products were calculated at 1000K with 






   
step[17]. The G‡ is 198.7 and 207.1 kJ/mol respectively for toluene and benzene, which is 
comparable to that for the simple phenoxy radical (210 kJ/mol)[17], but higher than the G‡ for 
producing OACs. 
For 3EP (Fig. 7.4b), BDEs of the C-C and O-H bond are 329.7 and 371.5 kJ/mol, 
corresponding to the first and the third weakest bond, respectively. Cleavages of the C-C and O-H 
bond form 3EP_r1 and 3EP_r2 with G of -77.3 and -141.4 kJ/mol, which is 25.4 and 13.0 kJ/mol 
higher than 2EP_r1 and 2EP_r2 derived from 2EP, respectively. 3EP contains meta substitution 
of which the resonance structures differ from the ortho positional isomer, resulting in less stable 
radical intermediates. The benzyl radical 3EP_r1 can react with CH3OH to obtain 3MP and the 
CH2OH radical with a G of -69.6 kJ/mol, comparable to that calculated for 2MP formation from 
2EP (-70.6 kJ/mol). In contrast, 3EP must overcome a high G‡ of 385.4 kJ/mol to obtain phenol 
through unimolecular dissociation, however phenol production from 2EP demands only 142.8 
kJ/mol barrier. The difference in G‡ is due to the close proximity of substituents for 2EP, leading 
to bimolecular reaction, whereas only unimolecular elimination is possible for 3EP. 
 On the other hand, DHBF is formed by addition of ethylene to 3EP_r2, as previously 
discussed for 2EP, with a G‡ of 219.6 kJ/mol. It is followed by ring-closing (G‡=102.4 kJ/mol), 
[1,2]H-shift (G‡=191.1 kJ/mol), and release of ethyl radical (G‡=79.3 kJ/mol) as shown in Fig. 
7.4b. The overall G‡ of the DHBF formation for 3EP is 334.8 kJ/mol, which is higher than that 
of DHBF for 2EP (270.4 kJ/mol). This is consistent with the slightly higher yield of benzofurans 
in flow reactor experiments of 2EP at 1000K (Fig. 7.3b). Formation of benzofurans indicates that 





transformation of ethylphenols into PAHs. Production of toluene and benzene from 3EP follows 
similar pathways as previously discussed for 2EP, where the radicals CP_r3 and CP_r4 are 
produced through the rate-determining steps with G‡ of 199.7 and 201.1 kJ/mol, respectively. 
 Investigation of reaction energetics for the OACs (2MP, 3MP, phenol and 2MBA) clearly 
demonstrates the difference between 2EP and 3EP in terms of reaction thermodynamics and 
kinetics of OAC formation. The abundant production of OACs for 2EP (Fig. 7.3b) is due to the 
higher tendency to keep oxygen in the products, thus lowering the YSI of 2EP compared to 3EP. 
The lower YSI for ortho-substituted aromatics was also observed in other AHCs, such as o- and 
m-xylene (YSI=200 and 222, respectively), and o- and m-ethyltoluene (YSI=267 and 278, 
respectively)[12, 14]. This is due to the increased resonance stabilization of ortho-substituted 
radicals during reactions between the two adjacent functional groups.  
7.5 Conclusion 
 Structural effects of aromatic compounds on soot precursor formation and YSI were 
investigated in this contribution. For 15 aromatic compounds, the RSRs were obtained by cleaving 
the weakest bond, and a linear relationship between YSI divided by molecular weight and standard 
enthalpy of RSRs was found. This demonstrates that higher reactivity of radicals can cause more 
soot precursor formation and is therefore likely responsible for higher YSI. Influences of 
substituent positions on soot precursors were also investigated for 2EP and 3EP. A distribution of 
soot precursor products was obtained for each isomer and their formation pathways were studied 
computationally. More OACs were formed in 2EP due to the resonance stabilization of radical 
intermediates that stem from the ortho substitution position, thus an increase in stability induces 





These findings inform screening and design of aromatic compounds that have lower-soot 
formation. 
7.6 Supporting Information 
 
Figure 7.S1 The results of two duplicate flow reactor experiments for 2-ethylphenol at a 
temperature range of 900K to 1150K. (a) Percent carbon yield of 2-ethylphenol. (b) Summation of 
the percent carbon yield of primary oxygenated aromatic compounds (OAC) and benzofurans 
(OACs are phenol, 2-methylphenol, 2-methylbenzaldehyde and benzofurans are benzofuran, 
dihydrobenzofuran, and dibenzofuran). (c) Summation of the percent carbon yield of primary 
aromatic hydrocarbons (AHCs: toluene, ethylbenzene and styrene). (d) Formation of carbon 







Figure 7.S2 The results of two duplicate flow reactor experiments for 3-ethylphenol at a 
temperature range of 900K to 1150K. (a) Percent carbon yield of 3-ethylphenol. (b) Summation of 
the percent carbon yield of primary oxygenated aromatic compounds (OAC) and benzofurans 
(OACs are phenol and 3-methylphenol and benzofurans are just dihydrobenzofuran). (c) 
Summation of the percent carbon yield of primary aromatic hydrocarbons (AHCs: toluene, 
ethylbenzene and styrene). (d) Formation of carbon monoxide and benzene. 
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SUMMARY AND FUTURE DIRECTIONS 
 
8.1 Summary 
 The research described in this dissertation involves investigating the photochemistry and 
synthesis of flavin materials, elucidating the metal-extractant complexes in the ALSEP nuclear 
recycling process, and determining how the chemical structure of isomers and the presence of 
oxygen functionality affects the soot formation of biofuels. The three major research areas 
encompass three widely growing sustainable energy sectors that with continued advancement can 
help alleviate the burden of fossil fuels. 
Flavin and flavinium ions are a versatile biomimetic compound that have seen increased 
usage in a wide range of applications. Specifically, the photochemical properties of flavins 
facilitate their participation in various photochemical oxidations such as the oxidation of water for 
water splitting technologies. As described in Chapter 2, the photochemistry of N5-ethylflavinium 
cation (Et-Fl+) can be modulated through functionalization of the isoalloxazine ring and 
functionalization can be used as an approach to improve the photochemistry of flavins towards 
improved photocatalytic properties. Although the results presented in Chapter 2 are specific to Et-
Fl+, the primary conclusions can be applied to other flavin and flavinium compounds and help 
direct targeted synthesis of flavin derivatives for improved photochemical applications. The results 
of Chapter 2 motivated the research described in Chapter 3, where a series of functionalized flavins 





chemistry, which is the catalytically active state, and determine whether strategic functionalization 
is possible for improving the photocatalysis of flavins. Further research is still needed in Chapter 
3, however functionalization of a chloro-group at the C7 and C8 position was found to have 
opposite effects on the electronic structure, excited state properties, and lifetime of the triplet 
excited state. Preliminary results indicate that chlorination of the C7 position will weaken the 
photocatalysis and chlorination of the C8 position will improve the photocatalysis. Due to the 
global pandemic, photocatalytic experiments were unable to be performed, however the 
photocatalysis of benzyl alcohol will be studied in the future directions of this project. 
Additionally, the preparation of the flavins studied in Chapter 3 was very difficult and the 7,8-
dichloroflavin was unable to be prepared due to the challenging nature of the flavin synthesis. 
Therefore, Chapter 4 of this dissertation was performed to investigate the primary isoalloxazine 
ring formation step of the flavin synthesis, the lowest yielding reaction step, to help improve the 
feasibility of preparing functionalized flavins. The results presented in Chapter 4 represent part 
one of a series studies that are planned in the future. In part one, the structure and reactivity of 
alloxan monohydrate, an important reactant in the ring-closing step, which contains much 
discrepancy in the literature was investigated to determine its structure, reactivity, and role during 
the flavin isoalloxazine formation mechanism. We determined the structure of alloxan 
monohydrate in solution to be of the geminal di-alcohol (gem-diol) form rather than the tetraketone 
structure, which is the typical structure depicted in the flavin synthesis. A new mechanism for the 
formation of the flavin isoalloxazine ring was concluded on the basis of the new understanding of 
the structure and reactivity of alloxan monohydrate. Further work on improving the flavin 





 Chapter 5 describes the collaborative research investigating the metal complexes during 
the three stage Actinide Lanthanide Separation (ALSEP) process. Computational and 
spectroscopic techniques were employed to determine the identity of the metal complex during the 
extraction, scrub, and strip phases of the separation. The identity of the metal-extractant complexes 
and the gained understanding of the separation mechanism will promote further studies into 
improving the kinetics of actinide/lanthanide separation through the rational design of new 
extractants. This work helps to advance the implementation of nuclear energy as improving the 
recycling of spent nuclear fuel is the last remaining challenge to close the nuclear fuel cycle. 
 Lastly, Chapters 6 and 7 describe the research in collaboration with the National 
Renewable Energy Laboratory (NREL) investigating oxygenated aromatic compounds obtained 
from biomass for the advancement of combustion biofuels. In Chapter 6, the phenyethanol isomers 
were studied and it was determined that the location of the alcohol functional group dramatically 
effected the soot formation. Much less soot was produced for 1-phenylethanol than 2-
phenylethanol due to the proximity of the alcohol group to the aromatic ring. In Chapter 7, the 
sooting tendency of a wide range of oxygenated aromatic compounds was correlated to the 
enthalpy of formation of the radical species produced from bond dissociation of the weakest bond. 
This correlation provides a novel method for determining how radical reactivity dictates the 
propensity to form soot. Furthermore, the structural isomers, 2- and 3-ethylphenol, were 
investigated to determine why the sooting tendencies of the ortho, meta, para, ethylphenol isomers 
did not correlate with the sooting tendencies of the other oxygenated aromatic fuels. The resonance 
stabilization due to the ortho positioning of the substituents was determined to increase the stability 





positioned substituents. The results from Chapter 6 and 7 indicate that the position of oxygen 
functionality plays a crucial role in the soot formation of fuels. Moreover, the conclusions from 
these studies facilitate the rational design of new combustion fuels derived from biomass with 
lowered emissions to replace conventional petroleum derived fuels. 
 The research presented in Chapters 2 through 6 involved computational, synthetic, and 
spectroscopic techniques to effectively probe the photochemistry of flavins for the improvement 
of organic photocatalysts, to elucidate the structure of important metal-extractant complexes 
during recycling of spent nuclear fuel, and to determine the effect chemical structure and position 
of oxygen functional groups has on the sooting tendencies of biomass-derived oxygen aromatic 
compounds.  The conclusions determined in this dissertation help to advance the sustainable 
energy sectors of solar, nuclear, and biomass energy. The results described above help to address 
several previously unanswered questions and illuminate new research problems to investigate in 
the future. 
8.2 Future Directions 
 New unanswered questions have been uncovered from the research presented in this 
dissertation. The synthesis of flavin and flavinium materials was found to be extremely challenging 
and little is known about the crucial isoalloxazine ring formation step. Several directions will be 
pursued for investigating the flavins synthesis as shown in Figure 8.1. Computationally, the 
isoalloxazine ring formation mechanism will be investigated to determine the reaction energetics 
dictating flavin formation (part II, Figure 8.1). In parallel with this, the role of boric acid during 
the synthesis will be studied to evaluate how it interacts with key intermediates and promotes the 





acid and experimentally evaluating how the alternatives will affect the flavin yield by limiting side 
product formation to help improve the flavin synthesis (part III). Lastly, in terms of improving the 
flavin synthesis, the electronic interaction of functional groups on the o-phenylenediamine 
precursor can be studied computationally to investigate how functional groups effect the 
nucleophilicity of the attacking amines towards promoting the condensation mechanism (blue 
ellipse, Figure 8.1). The results from these future studies would shed light on the flavin synthetic 
mechanism and could help alleviate the challenging nature of synthesizing flavins. Improving the 
synthesis of flavins will lead to continued investigation of the functionalization effects on the 
photochemistry of flavins to rationally design improved flavin photocatalysts.  
 
Figure 8.1 Schematic representing future directions for improving the flavin synthesis. 
In terms of the ALSEP work, the design of new extractants to enhance the 
actinide/lanthanide separation is now possible that the identity of the metal complexes throughout 
the ALSEP process is known. Computational screening of complexation energies and the metal 
coordination environment will assist the targeted design of new heavy element extractants. 





internal reflectance fluorescence (TIRF) spectroscopy. The interface is known to play a crucial 
role in dictating the separation of heavy elements, and therefore the metal-extractant complexes, 
interfacial environment, and mechanism at the interface will be evaluated using TIRF. The 
collimation of this work will lead the improvement of the kinetics of the actinide/lanthanide 
separation for the ALSEP process.  
Lastly, future work investigating new sustainable combustion fuels will focus on studying 
the primary soot formation chemical pathway of furans, dioxolanes, and promising fuel blends 
identified in the Co-Optima initiative. Insight into how the chemical structure influences the soot 
formation pathways will help to further understand the sooting tendency of biofuels and facilitate 
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